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This thesis presents an extensive investigation of characterisation and simulation 
methods for optical loss analysis of silicon (Si) wafer based photovoltaic (PV) devices, 
including Si wafer solar cells, Si wafer based PV modules, and thin-film on Si tandem 
solar cells.  
Regarding Si wafer solar cells, the conventional optical loss analysis of Si wafer solar 
cells is improved. A rigorous approach is proposed to assess the surface morphology 
of textured Si rear surfaces. With the increasing trend of adapting rear passivation, the 
proposed methodology enables the optimisation of the saw damage etched textures on 
the rear surface of aluminium local-back-surface-field (Al-LBSF) solar cells. 
Regarding Si wafer based PV modules, a fast and contactless optical loss analysis using 
luminescence imaging is proposed. The characterisation method enables the analysis 
of the lateral light harvesting from inactive-area components of PV modules. Using this 
method, the amounts of laterally harvested photons from backsheets and metal fingers 
can be quickly quantified. Thus, a routine assessment can be established for novel 
materials that increase light harvesting in PV modules.  
Regarding thin-film on Si tandem solar cells, a fast and comprehensive optical loss 
analysis is established. An analytical model is developed for comprehensive optical 
simulation of tandem solar cells, including the light trapping effect. Benefiting from 
the short computational time, the optical analytical model is subsequently applied to 
determine the most effective optimisation steps for a four-terminal tandem of a GaAs 
top cell and an industrial-type Si bottom cell. 
All methods and models developed in this thesis are readily available for integrating 
with already existing frameworks, thereby contributing to comprehensive analysis of 
optical losses and providing guidelines to further optimisation steps.  
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1.1 Climate-driven Targets of Photovoltaics Deployment 
The Earth is getting warmer. According to the U.S. National Aeronautics and Space 
Administration (NASA), ten of the eleven warmest years in the 134-year recording 
period have occurred since 2000, with the year 2015 as the warmest on record [1]. 
Global warming is due to the increasing atmospheric concentration of greenhouse gases 
such as carbon dioxide (CO2) to an unprecedented level, mainly driven by human 
economic activity and population growth. The anticipated climate change effects 
include rising sea levels, changing precipitation, expansion of deserts in the subtropics, 
more frequent extreme weather events, etc. In order to avoid catastrophic climate 
change, recent climate studies have shown that the global average temperature rise 
must be limited to 2°C from the pre-industrial level [2,3]. Constraining the global 
temperature rise means reducing fossil fuel combustion, which was identified as the 
primary human contributor to CO2 emissions in the 2014 Climate Change Report by 
the Intergovernmental Panel on Climate Change (IPCC) [3]. As mankind’s total energy 
demand is expected to rise significantly in the coming decades, achieving this climate 
target requires increased deployment of renewable energy technologies.  
Solar energy is the most abundant energy source on Earth, amounting to more than 
120,000 TW of solar radiation received continuously. Solar photovoltaic (PV) power 
is progressing rapidly and is showing enormous potential as a renewable alternative to 
fossil fuels. In 2015, the newly installed PV capacity amounted to 59 GWpeak, lifting 
the cumulative global PV capacity to 229 GWpeak (about 1% of the total global 
production of electricity in 2015). However, the current growth rate of PV is not yet 
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sufficient to solve the pressing challenges of climate change, due to the increasing 
energy demand. 
 
Figure 1.1: The historical and projected global cumulative PV capacity over time (from 
2000 to 2030). The squares show the historical data, the red lines indicate several 
projected scenarios, and the green range indicates the PV deployment target of the 
IPCC. Adapted from [4, 5]. 
The recent study by Needleman et al. [4] suggests that a cumulative PV deployment of 
7–10 TWpeak is required by 2030 in order to achieve the climate target. Figure 1.1 
compares the market projections in various growth scenarios to the climate-driven PV 
deployment target. With all these line-of-sight growth scenarios, this climate-driven 
target of PV deployment still seems too aggressive. Therefore, PV manufacturing 
capacity needs much more rapid growth in order to achieve the climate target. 
1.2 PV Growth with Technology Innovations 
Given the pressing challenges of climate change, the question is: how can the installed 
PV capacity grow more rapidly? Despite knowing the obvious advantages of PV 
electricity generation (such as being environmentally sustainable), the key to faster 
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installation growth is further reduction of the PV module price. Taking the example of 
Si wafer based PV technologies which have more than 90% market share, the 
successful growth in the past few years has been attributed to the significant drop of 
the PV module price [6].  
 
Figure 1.2: The price components of Si wafer PV modules from 2007 to 2013. 
Levelised cost of electricity (LCOE), which is the estimated electricity cost (per kWh) 
of PV generation, is marked for the highest and lowest module price respectively. 
Adapted from [7].  
Figure 1.2 shows the price contributions of Si wafer-based PV modules from 2007 to 
2013. The price of a PV module is roughly divided into three components: profit margin, 
poly-Si feedstock, technology-related manufacturing cost [7]. The module price has 
fallen from ~4.2 USD/W in 2008 to ~0.7 USD/W in 2013. It can be clearly seen that 
the price reduction mainly came from the decreased price of the poly-Si feedstock and 
reduced profit margins. By 2013, these two components had been squeezed to a very 
small percentage of the total price of Si PV modules. Therefore, further reductions of 
the PV module price have to be achieved through technology innovations. PV research 
on technology innovation is far from being exhausted. In fact, it needs to be carried out 
in a much faster pace.  
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1.3 Accelerating Technology Innovations Using Loss Analysis 
A photovoltaic device directly converts sunlight into electric power. During the 
conversion process, there are many channels where photon energy can be lost. In 
general, these loss channels are usually divided into three categories: optical losses, 
recombination losses and resistive losses. A breakdown of these possibly avoidable 
losses, which is also known as “loss analysis”, helps researchers understand the loss 
mechanism, identify the major losses, and assist the device optimisation. Quickly 
identifying the loss factors of solar cells or modules drastically reduces the turnaround 
time during the development of new technologies.  
 
Figure 1.3: The iterative approach of PV technology innovations using loss analysis.   
PV technology innovation using the loss analysis method is an iterative approach, as 
shown in Figure 1.3, which consists of three steps: characterisation, modelling and 
experiment. The combined steps of characterisation and modelling of a PV device 
constitute loss analysis, while the experiment step is the part of actual implementation. 
The iteration loop usually starts with the rigorous characterisation of the relevant 
parameters of the current prototype, followed by comprehensive modelling with the 
characterized parameters as inputs, and continued with experimental optimisation 
based on the identified key processes. In most cases, loss analysis and implementation 
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can iterate for several times to achieve the desired technology innovation. There are 
actually some successful examples of solar cell development using this iterative 
approach. Franklin et al. [8] from the Australian National University developed 24.4% 
efficient interdigitated back contacted Si solar cells by iterating the loss analysis and 
the process optimisation. Another example is the gradual efficiency improvement at 
the PV manufacturing company SunPower. SunPower continues using this iterative 
approach to achieve higher efficiency in their next-generation Si solar cells, going from 
20% in 2005, to 23% in 2012, and to more than 25% in 2016 [9-13]. Therefore, 
developing methodologies of loss analysis is one of the focus areas in PV research [14-
30].  
1.4 Overview of thesis 
 Thesis Objectives 
Motivated by the preceding discussion, this thesis focuses on developing new 
methodologies for loss analysis. Due to the fact that Si wafer technologies dominate 
the PV industry, the discussions of loss analysis will be limited to three types of c-Si 
wafer-based photovoltaic devices, namely c-Si wafer solar cells, c-Si wafer PV 
modules, and c-Si wafer-based tandem devices, representing different levels of 
structural complexity. Particularly, optical loss analysis is of interest in this thesis, as 
it is one of the most significant losses in these PV devices with today’s industrially 
feasible technologies.  
A c-Si wafer solar cell is the basic component of the three investigated PV devices. 
Many approaches of optical loss analysis of c-Si wafer solar cells have been well 
developed in the literature. The optical properties of the rear surfaces are generally 
represented by an empirical scattering distribution and a constant reflectance (e.g. 
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wavelength-independent value). The accurate representation of the different rear 
surface textures of actual solar cells has been neglected in most publications. While the 
existing models achieve relatively accurate fitting to the measured reflectance and 
transmission spectra, this neglection makes optimizing the rear surface texture and the 
rear passivation layers very difficult. The first objective of this thesis is therefore to 
complement the currently available loss analysis models by a better 
characterisation and simulation of the textured rear surfaces of actual Si wafer 
solar cells. The new method of analysing the rear-textured surfaces will thus enable 
the optimisation of the rear surface textures or the rear dielectric layers.  
In most cases, a PV module is the actual product operating under the sunlight. A 
number of Si wafer solar cells are interconnected by metal wires and encapsulated by 
protective front and back layers to form a PV module. Therefore, the optical loss 
analysis of a PV module is more complex than that of a solar cell. The complexity of 
analysing PV modules mainly arises from the lateral harvesting of photons from the 
“inactive area”, which does not directly generate electricity. Accurately characterizing 
the lateral harvesting from these inactive areas is the key to achieve an accurate loss 
analysis of PV modules. However, the existing characterisation methods for the 
harvested photons are mostly very complicated and time-consuming, due to the 
rigorous requirements of test sample preparations or a long measurement time. The 
second objective of this thesis is therefore to develop a fast and easy-to-apply 
characterisation method for analysing the lateral harvesting of photons in Si 
wafer based PV modules. The new characterisation method will thus provide the 
accurate input parameters required by the currently available loss analysis framework 
for PV modules.  
Despite their commercial success, single-junction Si PV technologies do not fully 
utilize the energy available in the solar spectrum. Especially, c-Si with a bandgap of 
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1.12 eV does not convert high-energy photons efficiently (due to the so-called 
thermalisation loss), resulting in a conversion efficiency limit (“Shockley-Queisser 
limit”) of about 30% [31]. One of the next-generation solar cell technologies could be 
a thin-film on Si tandem solar cell, which utilizes a higher-bandgap thin-film solar cell 
(e.g. GaAs, GaInP, perovskite etc.) as the top cell and a Si wafer solar cell as the bottom 
cell. The photons with energy greater than the bandgap of the top-cell material are 
absorbed in the top cell, while the remaining photons are transmitted to the bottom Si 
cell. Stacking two solar cells makes the optical loss analysis difficult due to the 
structural complexity. So far, a detailed optical loss analysis of tandem solar cells is 
not available in the literature. The third objective of this thesis is thus to develop a 
framework for optical loss analysis of thin-film on Si tandem solar cells. The loss 
analysis framework, thus, can be applied to make optimisation priorities for tandem 
solar cells similar to the ones for single-junction solar cells.  
In SERIS, significant effort has been put on developing loss analysis frameworks, with 
the iconic names of the “Cell Doctor”, the “Module Doctor” and the “Tandem Doctor”, 
for solar cells, modules and tandems, respectively. Among the three, the “Cell Doctor” 
is the most complete framework [15,21,25,32], therefore, the development of the 
optical loss analysis of Si wafer solar cells in this thesis aims to improve and 
complement the currently available models and techniques. The “Module Doctor” has 
been introduced recently in [28], but is not yet completed; therefore, the focus of the 
module loss analysis is to advance the existing framework. Finally, for the “Tandem 
Doctor”, the framework had not yet started before the start of this thesis. By leveraging 
on the existing frameworks of the “Cell Doctor” and the “Module Doctor”, this thesis 
aims to develop a preliminary methodology to facilitate the optical loss analysis of 
tandem solar cells. This thesis ultimately contributes to the three loss analysis 
frameworks that SERIS is offering to the PV community and industry. 
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 Thesis Outline 
This thesis consists of six chapters, including this introduction chapter. Chapter 2 
focuses on introducing the basics of PV devices, characterisation techniques, and 
simulation models. The three to-be-investigated PV devices, i.e. Si wafer solar cells, Si 
wafer PV modules, thin-film on Si tandem solar cells, are introduced. The state-of-the-
art methodologies of optical loss analysis are reviewed for the three PV devices. 
Moreover, the information on the relevant characterisation techniques and simulation 
models used in this thesis is introduced for better understanding of the following 
chapters. 
Chapter 3 aims to improve optical loss analysis for Si wafer solar cells. A 
characterisation method is proposed to accurately determine the morphologies of 
textured surfaces and the improved optical modelling is shown with the characterized 
parameters. The characterisation method is demonstrated for monocrystalline Si solar 
cells with alkaline saw-damage-etched rear surfaces. However, it can also be applied 
to other types of textured samples. Together with the improved modelling method, 
optical losses in a single-junction solar cell are analysed.  
Chapter 4 develops an advanced characterisation framework in order to establish a 
rapid optical loss analysis for Si PV modules. A fast and non-destructive 
characterisation procedure is proposed to visualize the lateral photon harvesting in a 
camera-based luminescence imaging technique. The characterisation can be carried out 
directly on actual Si wafer PV modules. The examples of the characterisation method 
are demonstrated by analysing the lateral harvested photons from the backsheet and the 
metal grid.  
Chapter 5 investigates the optical loss analysis for double-junction tandem solar cells. 
An optical model is proposed for simulating thin-film on Si tandem solar cells. 
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However, given the higher structural complexity of a tandem solar cell compared with 
the other PV devices discussed previously, the question to be answered is how to use 
loss analysis models to provide a guide to further optimisation. The optimisation 
strategies of the current output are discussed with reference to the ideal scenario and 
the best-in-class tandem. 
Chapter 6 concludes the thesis, summaries the author’s original contributions, and 





 Theory and Methods 
This chapter provides an overview of relevant theories, simulation models and 
characterisation methods that are essential for understanding the results in the 
following chapters. The first section introduces the backgrounds of the Si wafer based 
PV devices under investigation: Si wafer solar cells, Si wafer PV modules, and thin-
film on Si tandem solar cells. For each topic, basic working principles and device 
architectures are introduced, optical loss mechanisms are discussed, and the state-of-
the-art frameworks of the loss analysis are reviewed. The second section introduces the 
method of evaluating optical losses using the equivalent current density weighted by 
the standard solar spectrum. The third section introduces the currently available 
simulation model that is needed for carrying out the optical loss analysis. Finally, the 
fourth section discusses the techniques that are used in the thesis for characterisation 
of the PV related materials  
2.1 Backgrounds of Si Wafer Solar Cells and Modules 
 Crystalline Si Wafer Solar Cells 
A solar cell is essentially a device that directly converts energy in the form of light into 
electrical energy, via the photovoltaic (PV) effect. It does so in two physical steps: 
1) photon absorption, resulting in the generation of excited charge carriers in the bulk 
absorber and 2) separation of the charge carriers to produce an electric power.  
Among all the materials for making solar cells, crystalline Si (c-Si) wafers as the bulk 
absorber accounted for more than 90% of the PV production in 2015 [6]. Differing in 
wafer growth technologies, two types of c-Si wafers are available for solar cell 
manufacturing, namely monocrystalline Si (mono-Si) that consist of a single 
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continuous crystal, and multicrystalline Si (multi-Si) that consist of a number of small 
crystal grains [33].  
Crystalline Si, including mono-Si and multi-Si, has an indirect bandgap of 1.12 eV 
(~1108 nm) at room temperature (~300 K). Assuming that all the photons above the 
1.12 eV bandgap are absorbed but the excess energy is lost through thermalization, a 
c-Si wafer solar cell can still convert a significant portion (~30%) of the energy of the 
standard solar spectrum for non-concentrator terrestrial PV applications (Air Mass 1.5 
Global spectrum [34,35], abbreviated as AM1.5G). In Figure 2.1, the grey shaded area 
is the AM1.5G spectrum, while the red shaded area is the fraction of the spectrum that 
can be utilized after the consideration of the thermalisation loss and the transmission 
loss in Si solar cells.  
 
Figure 2.1: The AM1.5 solar spectrum (grey) and the part of the spectrum (red) that 
can be utilized by c-Si solar cells after consideration of the thermalisation loss and the 
transmission loss (due to the bandgap of 1.12 eV). The inset indicates a single-junction 
Si solar cell receiving sunlight from the top.  
2.1.1.1 Architectures of Si Solar Cells  
Many architectures have been developed for industrially feasible Si wafer solar cells. 
Among those, two architectures are presently of particular interest for the PV industry 
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and therefore for this thesis. The first is the cell design called full-area aluminium back-
surface-field (Al-BSF), which is presently the mainstream Si wafer solar cell in the PV 
industry, with a market share of ~88% in 2015 [6]. A schematic of the Al-BSF solar 
cell is shown in Figure 2.2.  
 
Figure 2.2: Schematic of a Si wafer solar cell with a full-area alloyed aluminium back 
surface field (Al-BSF). 
In an Al-BSF cell, there is a boron-doped p-type Si wafer as the bulk absorber, a 
phosphorus (P) doped diffused n+ region at the front called “emitter” (extracting 
electrons), and an Al-alloyed p+ region at the rear called “back surface field” (extracting 
holes). Additionally, a dielectric layer, e.g. silicon nitride (SiNx), is deposited on the 
front surface for the purposes of reducing reflection (antireflection coating) and surface 
passivation (i.e., reducing surface recombination losses). The front and rear contacts 
are usually formed by screen printing of silver and aluminium pastes, respectively. The 
average efficiencies of industrial Al-BSF solar cells are ~19% for mono-Si wafers and 
~18% for multi-Si wafers, according to the ITRPV report in 2016 [6].  
The second architecture of interest is the solar cell design with local BSF (LBSF) 
regions at the rear surface. The LBSF solar cell is also addressed as the “passivated 
emitter and rear cell (PERC)” or the “passivated emitter and rear locally-diffused 
(PERL)” cell. All the acronyms emphasize the key feature that the rear surface is 
passivated by dielectric layers and a local BSF, as shown in Figure 2.3. The LBSF 
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design is believed to gain significant market share in the coming years. For example, 
Bloomberg New Energy Finance (BNEF) predicts that the LBSF (or PERC/PERL) 
architecture could be the dominant architecture, with a market share of up to 60% of 
the Si cell production in 2018 [36].  
 
Figure 2.3: Schematic of a Si wafer solar cell with a local aluminium back surface field 
(Al-LBSF). 
The advantage of LBSF cells over Al-BSF cells is their higher PV efficiency. 
According to the literature, the average efficiencies of the produced LBSF cells were 
about 20.3% for mono-Si wafers and 18.8% for multi-Si wafers in 2015 [6], 
respectively (which are in general about 0.8% absolute higher than those of Al-BSF 
cells). The efficiency advantage comes from improved optics and reduced 
recombination at the rear surface by applying the dielectric layers. Since the focus of 
this thesis is on optical loss analysis, the next section (Section 2.1.1.2) will briefly 
discuss the common optical losses in Si wafer solar cells.  
2.1.1.2 Optical Losses in Si Wafer Solar Cells 
In a Si wafer solar cell many optical losses can occur, as shown in Figure 2.4. Incident 
photons can be lost through four different loss mechanisms:  
1) being reflected or absorbed by the front metal contacts (i.e. metal shading loss), 
2) being reflected at the front surface of the Si wafer (i.e. front surface reflection 
loss), 
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3) being lost due to parasitic absorption in different material layers that do not 
generate electron-hole pairs (i.e. parasitic absorption loss), and  
4) being reflected at the rear surface due to the weak absorption of the near-
bandgap wavelengths and escaping after passing one or more times through 
the wafer (i.e. front surface escape loss).  
 
Figure 2.4: Schematic illustration of common optical losses in a Si wafer solar cell. 
Metal shading is categorized as the optical loss of the inactive area, where no current 
is directly generated. This loss can be reduced by reducing the coverage fraction of the 
metal finger and busbars via advanced metallization technologies, such as print-on-
print screen printing [37], stencil printing [38], electroplating [39], etc., or by having 
all metal contacts at the back surface, such as in interdigitated-back-contact (IBC) solar 
cells [40].   
On the other hand, the other optical losses, i.e. front surface reflection, front surface 
escape and parasitic absorption, are losses in the active cell area. Front surface reflec-
tion can be reduced by AR coating plus textured surface, while the front surface escape 
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and the parasitic absorption can be reduced by enhancement of the light trapping. The 
basics of low-reflection designs and light trapping will be introduced below in more 
detail. 
In today’s industrial Si wafer solar cells, front surface reflection is reduced by applying 
antireflection coatings (ARCs) and surface texturing [41]. ARCs are usually thin 
dielectric layers deposited onto the solar cells. The reflection reduction of ARCs relies 
on the destructive interference of the light waves reflected at the two interfaces (front 
and rear) of the thin layer. The antireflection effect can be seen in Figure 2.5, which 
shows the reflectance spectra of a bare planar Si wafer, an AR coated planar Si wafer, 
and an AR coated textured Si wafer. As can be seen, with a single dielectric layer, the 
destructive interference effect only works for a limited wavelength range. Using a 
surface texture, the front surface reflectance is reduced for a broader wavelength range. 
 
Figure 2.5: Simulated reflectance spectra of different Si wafer samples: (a) bare planar 
Si, (b) planar Si with ARC, and (c) pyramid-textured Si with ARC. The ARC is a 75 nm 
thick SiNx layer. The schematics on the right illustrate the sample structures. The 
simulator used to produce these reflectance spectra is OPAL2 from PV Lighthouse [42]. 
The micrometre-scale pyramidal textures and isotextures shown in the microscopic 
images of Figure 2.6 ensure that photons have a chance to interact with the Si surface 
multiple times. Surface textures are features of all commercial silicon wafer solar cells. 
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There is a large variety of surface textures being investigated. In addition to the 
selectively alkaline-etched pyramid-shape texture [43,44] (abbreviated as ‘pyramid 
texture’) of mono-Si wafers, the most common texture for multi-Si wafer solar cells is 
isotropically acid-etched spherical-shape texture [45-47] (abbreviated as ‘isotexture’).  
 
Figure 2.6: Scanning electron microscopy (SEM) images of: (a) a pyramid-textured 
mono-Si wafer and (b) an isotextured multi-Si wafer. 
As discussed earlier, in addition to reducing the reflection, it is also important to 
increase the Si band-to-band absorption by light trapping [48,49]. Light trapping refers 
to enhancing the optical path length to a length greater than the actual thickness of the 
solar cell, which leads to greater absorption of the weakly absorbed (i.e. near-bandgap) 
photons. For indirect-bandgap semiconductors like c-Si, light trapping is very 
important to improve the near-infrared response [50].  
As shown in Figure 2.7, photons with a wavelength of more than about 1000 nm require 
more than one pass to be absorbed in industrial-type c-Si wafer solar cells (which have 
an average thickness of around 180 µm at present [51]). An effective light trapping 
requires that the photons are trapped in the Si as long as possible with minimum 




Figure 2.7: Absorption depth (as the inverse of the absorption coefficients from [52]) 
of near-infrared photons in crystalline Si. 
The surface texture not only reduces the front surface reflection, but also contributes 
significantly to light trapping, by coupling the light into solar cells under an oblique 
angle. Because of internal scattering at the interfaces, some photons make multiple 
passes before escaping from the solar cell, as illustrated in Figure 2.8.  
 
Figure 2.8: Light trapping of weakly absorbed photons in a textured Si solar cell.  
However, to achieve high absorption of near-bandgap photons in a relatively thin solar 
cell, the parasitic absorption along each pass of the trapped photons has to be reduced. 
Two common mechanisms of parasitic absorption are the free carrier 
absorption (FCA) [41] in the semiconductor due to the doping and the non-carrier 
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generating absorption [53] in other materials, such as ARCs, rear metal contacts, 
transparent conductive oxides, etc. 
2.1.1.3 Loss Analysis of Si Wafer Solar Cells 
An optical loss analysis of a Si wafer solar cell quantifies the spectrally dependent 
optical losses [25,26]. For example, Figure 2.9 shows the spectrally dependent 
breakdown of the optical losses in a pyramid-textured mono-Si wafer solar cell. In 
addition to the optical losses, Figure 2.9 also shows the carrier collection loss due to 
recombination.  
 
Figure 2.9: Spectrally dependent breakdown of photon losses and the EQE spectrum of 
a pyramid-textured Si wafer solar cell. Adapted from Wong et al. [25].  
The detailed loss breakdown needs accurate optical modelling. The optical modelling 
further requires the optical models for the surface textures (e.g. geometrical models, 
scattering models, etc.), simulation methods (e.g. ray or path tracing method, transfer 
matrix method, analytical model for light trapping, etc.) and optical constants and 
thicknesses of the materials. These optical simulation methods will be introduced 
below in Section 2.3 of this Chapter. 
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Besides the spectrally dependent breakdown of the incident photons, it is also common 
to quantify the equivalent current density weighted by the AM1.5G solar spectrum [35]. 
More details on the method of calculating the equivalent current density from the 
AM1.5G spectrum will be given in Section 2.2. The quantification of photon losses 
into equivalent current densities facilitate the comparison of the different losses. 
Therefore, a loss pie chart or a stacked bar chart visualizes the most significant loss 
contributions as shown in Figure 2.10. 
 
Figure 2.10: Loss pie chart quantified in terms of equivalent current density in mA/cm2. 
Among all the losses in Figure 2.9 and Figure 2.10, two losses, i.e. front metal shading 
and rear parasitic absorption, are dominant. The front metal shading loss 
(~3.25 mA/cm2), which is an inactive-area loss, has impact on the entire solar spectrum. 
As will be seen in Chapter 4, the effective shading loss of metal fingers will be reduced 
significantly in the encapsulated module, so the metal shading will be analysed and 
optimized for solar modules. On the other hand, the rear parasitic absorption 
(~1.97 mA/cm2), which occurs in the near-infrared (NIR) region, is caused by the poor 
light trapping due to rear metal absorption. Quantifying and optimizing the rear surface 
optics is the focus of Chapter 3.  
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As mentioned in Chapter 1, the optical models for implementing loss analysis of Si 
wafer solar cells have been well developed. One under-developed area is the accurate 
optical model for the rear surface texture. Unlike representing the front surface texture 
by geometrical structures, such as pyramids for mono-Si wafers, the rear surface is 
commonly represented by the empirical Lambertian or Phong distribution. These 
empirical representations usually work well for a simple loss breakdown, but make the 
optimisation of the optical properties of the rear surface very difficult. The main 
contribution of Chapter 3 will be to characterize the rear surface of Al-LBSF Si wafer 
solar cells and to develop an optical model, enabling the quick evaluation of the optical 
losses.  
 Crystalline Si Wafer PV modules 
A PV module, sometimes referred as a PV or solar panel, is a packaged assembly of 
interconnected solar cells. Si wafer solar cells are first interconnected by metal ribbons 
into series or parallel-connected strings, and then encapsulated using a glass pane and 
a backsheet. The interconnection increases the voltage and/or current and enhances the 
power output, while the encapsulation protects the solar cells and interconnects from 
the harsh outdoor environment throughout the module’s technical lifetime of 20 – 30 
years. The PV module is the actual unit product that operates outdoors under the 
sunlight and generates the electricity.  
2.1.2.1 Architectures of Si PV Module  
A schematic (top view) of a typical 60-cell Si PV module is shown in Figure 2.11. The 
total module area (99.1 cm × 165.0 cm) consists of roughly 83% “active area” and 17% 
“inactive area”. The active area consists of all exposed (i.e. illuminated) silicon regions, 
while the inactive area consists of all regions that do not contribute to PV power 
generation (metal fingers, ribbons, backsheet, frame, etc). Figure 2.12 shows a cross-
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sectional schematic view of a PV module. The interconnected solar cells are 
encapsulated by a front glass pane and a plastic backsheet, with EVA (ethylene vinyl 
acetate) as the adhesive.  
 
Figure 2.11: Schematic (top view) of a PV module with 60 industrial crystalline Si 
wafer solar cells.  
 
Figure 2.12: Schematic (cross-sectional view) of a Si wafer PV module.  
Modularisation of solar cells induces additional losses [23,54]. For example, the 
conversion efficiencies of the best laboratory modules are 10-20% relatively lower than 
for the best lab solar cells [55]. Similar efficiency gaps were found for industrially 
fabricated silicon wafer based PV modules [23,28,54]. Hence, in the next section 
(Section 2.1.2.2), common optical losses in PV modules are briefly described.  
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2.1.2.2 Optical Losses in Si Wafer PV modules 
In Figure 2.13, nine common optical losses are illustrated in the cross-sectional view 
of a Si wafer PV module:  
1) glass reflection loss,  
2) glass parasitic absorption loss,  
3) EVA parasitic absorption loss,  
4) shading loss of metal fingers,  
5) cell gap photon loss,  
6) shading loss of interconnection ribbons,  
7) front surface ARC reflection loss in the cells,  
8) parasitic absorption loss in the cells, and  
9) front surface escape loss. 
The losses (1) – (3) and (7) – (9) occur in the active areas (i.e. the exposed Si area), 
where PV power is directly generated, while the losses (4) – (6) occur in the inactive 
areas (i.e. metal fingers, ribbons, backsheet, and frame), where no PV power is directly 
generated.  
 
Figure 2.13: Schematic illustration of the nine common optical losses in a Si wafer 
based PV module.  
Fortunately, the glass pane has a positive impact on recovering photons that impinge 
in the inactive areas, as indicated by mechanisms (4) – (6) in Figure 2.13. The photons 
that impinge in the inactive areas can be reflected diffusely if the materials in these 
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areas have good optical scattering properties. Some of these photons are scattered 
beyond the escape cone of the glass-air interface and thus experience total internal 
reflection which directs them back onto the solar cell, where they can contribute to PV 
power generation.  
Instead of improving the solar cell efficiency, reducing the cell-to-module efficiency 
loss is a viable alternative route towards high-performance Si wafer-based PV modules. 
Many research efforts, such as utilizing optical scattering materials [56-60] and 
adopting new module designs [61-63], have been made to achieve higher lateral 
harvesting of photons from the inactive area. For example, Trina Solar demonstrated a 
60-cell PV module of 6-inch mono-Si Al-LBSF solar cells producing 335 W power in 
an aperture area of 1760 mm × 996 mm. The efficiency in the aperture area of the PV 
module (excluding the frame) is therefore 19.1%, while it was made from 20.6% 
efficient mono-Si solar cells [64].  
 
Figure 2.14: (a) A conventional PV module with white diffuse backsheets and flat 
ribbons. (b) An improved PV module with grooved scattering taps and ribbons for 
better light harvesting. Adapted from [64]. 
In the Trina Solar PV module, many significant improvements were made to reduce 
the optical losses in the inactive area. One example is the material innovation to 
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enhance the light harvesting at the backsheet and the ribbons as shown in Figure 2.14. 
Instead of the conventional white diffuse backsheets and flat ribbons shown in Figure 
2.14(a), grooved scattering tapes and ribbons as shown in Figure 2.14(b) were used to 
reflect the incident photons out of the escape cone of the glass-air interface, so that they 
can subsequently be harvested by the solar cells.  
2.1.2.3 Loss Analysis of Si Wafer PV Modules 
Given the increasing interest in technology innovations at the PV module level, 
comprehensive frameworks for PV module loss analysis have recently been developed 
[23,28]. Figure 2.15 shows an example of a loss breakdown of a 60-cell multi-Si wafer 
PV module (with the same dimensions as shown in Figure 2.11) [28]. The most 
significant loss (shown as the leftmost bar in Figure 2.15) is the photon loss at the 
backsheet, even after considering the lateral harvesting from the conventional white 
diffuse backsheet. Therefore, in order to improve the output power of a PV module, it 
is important to optimize lateral photon harvesting from these areas. 
 
Figure 2.15: Bar chart of the relative contributions of each loss mechanism sorted from 
high to low. Adapted from [28].  
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A systematic loss analysis of PV modules can be split into active-area loss analysis, 
which uses optical simulation models similar to those for solar cells [20,65,66], and the 
inactive-area loss analysis which requires the fraction of lateral photon harvesting as 
an input parameter [23,28,62]. The challenge is how to quickly and accurately charac-
terize the fraction of lateral photon harvesting from the inactive area, because most 
characterisation methods require either a rigorous procedure of sample pre-
parations [39,67,68] or a long measurement time [62,67]. To facilitate the quick 
evaluation of the laterally harvested photons in a PV module, a luminescence imaging 
based analysis method is proposed and discussed in Chapter 4. 
 Thin-film on c-Si Tandem Solar Cells 
Even if every aspect in the Si solar cells and modules is optimized, the efficiency of 
single-junction solar cells is constrained by the thermodynamic detailed-balance limit, 
which is also known as the Shockley-Queisser (SQ) limit [69]. When calculating the 
SQ limit of a solar cell, the following assumptions are made: (a) all photons with energy 
above the semiconductor’s bandgap energy are absorbed by the cell; (b) the photon 
energy in excess of the semiconductor’s bandgap energy is lost through the carrier 
thermalisation process; and (c) radiative recombination is the only recombination 
mechanism present in the solar cell. In addition, for evaluating terrestrial PV 
applications, the standard AM1.5G spectrum is used as the input spectrum. Based on 
these assumptions, the SQ efficiency limit of Si solar cells (with the bandgap of 1.12 eV) 
is about 32%. When further considering the other intrinsic physical effects, such as 
Auger recombination, bandgap narrowing, free carrier absorption (FCA), and 
Lambertian light trapping, Richter et al. [31] predicted that a Si solar cell has a 
maximum 1-Sun efficiency of 29.4%. 
Leveraging the development of c-Si wafer solar cells and thin-film solar cells, thin-film 
on Si tandem solar cells, which consist of a high-bandgap thin-film solar cell (e.g. 
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perovskite or III-V materials) on top of a silicon wafer solar cell, have been actively 
researched with the goal to achieve greater than 30% PV efficiency [70-80]. The 
concept of a tandem solar cell is illustrated in Figure 2.16. In a tandem configuration, 
a thin-film top cell utilizes the short-wavelength part of the solar spectrum and the 
bottom Si cell makes use of the transmitted long-wavelength part of the solar spectrum. 
 
Figure 2.16: Solar spectrum utilizations for thin-film on Si tandem solar cells (after 
consideration of the thermalisation and transmission losses). The inset on the right is a 
schematic of a tandem solar cell receiving sunlight from the top.  
2.1.3.1 Architectures of Thin-Film on Si Tandems 
There are two actively investigated configurations of thin-film on Si tandem solar cells: 
the monolithic two-terminal (2T) tandem and the mechanically stacked four-
terminal (4T) tandem as illustrated in Figure 2.17. The 2T tandem is effectively a series 
connection of the two sub-cells, which thus requires current matching in two sub-cells, 
while the 4T tandem consists of two independently operating sub-cells, which are 
integrated later in a PV module.  
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Figure 2.17: Two typical tandem configurations of thin-film on Si tandem solar cells: 
(a) the monolithic two-terminal tandem and (b) the mechanically stacked four-terminal 
tandem. 
Fundamentally, the efficiencies of thin-film on c-Si dual-junction tandem solar cells 
can be much higher because of the better utilization of the solar spectrum. Figure 2.18 
(adapted from [81]) shows the SQ efficiencies under AM1.5G illumination of the dual-
junction solar cells with various top-cell bandgaps and Si (Eg = 1.12 eV) as the bottom 
cell. Due to the constraint of current matching, the SQ efficiencies for 2T tandem 
devices are more sensitive to the bandgap variations of the top cell than the 4T tandems. 
 
Figure 2.18: Shockley-Queisser (SQ) efficiencies of the dual-junction solar cells, 
consisting a high-bandgap top cell and a Si bottom cell, under AM1.5G illumination. 
Both 4T and 2T (with optimized thickness of the top cells) are investigated. The dashed 
line is the SQ efficiency limit (32%) for a single-junction Si cell (Eg = 1.12 eV) [82]. 
The dash-dotted line is the efficiency limit (29.4%) of a Si wafer solar cell as calculated 
by Richter et al. [31] with consideration of the other intrinsic physical effects. 
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In addition, 2T and 4T tandem solar cells have other benefits and disadvantages [75]. 
The advantage of monolithic 2T tandem solar cells is that they are straightforwardly 
encapsulated and stringed into a module, but require appropriate process innovations 
for an integrated fabrication of the tandem (e.g. wafer bonding and epitaxial growth 
with a graded buffer layer). As also shown in co-authored publications by the present 
author [83,84], 2T tandem solar cells are more subject to annual energy yield loss due 
to the current mismatching caused by spectral variations in outdoor applications. On 
the other hand, stacked 4T tandem solar cells suffer less from spectral variations, and 
fabricating the sub-cells requires less process modifications. However, encapsulation 
and stringing of 4T tandem solar cells into a module may be a bit more complicated 
and costly. Therefore, at the current stage, both configurations are explored 
simultaneously and neither configuration has outperformed the other.  
2.1.3.2 Optical Losses in Thin-Film on Si Tandem 
The optical losses in thin-film on Si tandem solar cells combine the possible losses in 
the top cell and the bottom cells. However, additional losses could arise from the light 
transmission from the top cell to the bottom cell and the infrared light interaction 
between the top and bottom cells. Figure 2.19 illustrates the possible loss channels 
along three light paths. Along light path 1 for the photons above the bandgap of the top 
cell, there are the front reflection loss and the parasitic losses in the top cell. Along 
light path 2 for the photons below the bandgap of the top cell, there are the transmission 
loss from the top cell to the bottom cell, the parasitic losses in the bottom cell and the 
reflection losses at the interfaces. In addition, along light path 3 for the photons that are 
weakly absorbed by Si, there are additional parasitic absorptions in both cells due the 
multiple bounces of these photons. In order to account for all these losses, a 
comprehensive model should be set up for thin-film on Si tandem solar cells.  
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Figure 2.19: Schematic of optical losses in a thin-film on Si tandem solar cell. Paths 1, 
2 and 3 indicate, respectively, the top cell loss, the bottom cell losses, and the additional 
light trapping loss in the entire tandem structure.  
2.1.3.3 Loss Analysis of Thin-Film on Si Tandem 
For thin-film on Si tandem solar cells, this thesis also focuses developing the optical 
loss analysis. As mentioned in Chapter 1, the concept of the flat-plate thin-film on Si 
tandem solar cell is still relatively new and the optical simulation models for loss 
analysis are still under-developed. To quantify the optical losses in the thin-film on Si 
tandems solar cells, the simulation methods, such as the ray or path tracing method, 
used for Si cells and modules can be adapted. However, due to the structural complexity 
of tandem solar cells (regardless of 2T or 4T configurations), the optical optimisation 
becomes a complex task involving a large number of variables. The previous study by 
Filipič et al. [78] chose the empirical assumption of an enhancement factor of optical 
path length instead of completing ray tracing for light trapping calculations. The reason 
was that the ray tracing computation is too time-consuming. In order to achieve a 
comprehensive optical optimisation within a short timeframe, an analytical optical 
model is developed for optimisation of tandem solar cells.  
The simulation framework is presented in Chapter 5 to facilitate the optical 
optimisation of tandem solar cells. Currently, III-V materials [70,72,77,79] and 
organic-inorganic halide perovskites [75-77,85-87] are the most popular candidates as 
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the high-bandgap top cells. The tandem solar cell investigated in Chapter 5 is a 
mechanically stacked 4T GaAs/Si solar cell. 
2.2 Evaluating Optical Losses by Equivalent Current Density 
The standard solar spectrum has been defined to facilitate accurate comparisons of PV 
devices from different laboratories and manufacturers measured at different times and 
locations. As introduced briefly in Section 2.1.1, for flat-plate PV devices for terrestrial 
use, the standard spectrum is the Air Mass 1.5 global (AM1.5G) spectrum with an 
integrated power density of 1000 W/cm2. Specific atmospheric conditions that result in 
the AM1.5G spectrum can be found in [35]. The photon flux of the AM1.5G spectrum 
quantifies the number of photons of different wavelengths, as shown in Figure 2.20. 
The spectral range of interest for Si solar cells is from 300 nm to about 1200 nm. 
 
Figure 2.20: AM1.5G photon flux spectrum according to IEC 60904-3 edition 2.0 [35]. 
Assuming that every absorbed photon in this range generates one electron-hole pair, 
the photocurrent density 𝑗45 in this spectral range is: 























IEC 60904-3 ed 2.0
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𝑗45 = 𝑞 𝐴(𝜆) ∙ 𝜙<=>.@A(𝜆)𝑑𝜆>CDD	EFGDD	EF  (2.1) 
where Φ<=>.@A(𝜆) is the photon flux of the AM1.5G spectrum at each wavelength 𝜆, 𝐴(𝜆) is the band-to-band absorptance at each wavelength 𝜆 and 𝑞 is the elementary 
charge. In the ideal case where the absorptance 𝑎𝑏𝑠(𝜆)  is unity for the entire 
wavelength range, the photocurrent density reaches its upper limit of 46.5 mA/cm2. 
Similarly, the photon loss (e.g. reflection, parasitic absorption, non-ideal collection etc.) 
can also be expressed in terms of photocurrent density	𝑗LMNN. For example, the photo-
current loss due to reflection 𝑗LMNN,P is: 
𝑗LMNN,P = 𝑞 𝑅 𝜆 ∙ 𝜙<=>.@A(𝜆)𝑑𝜆>CDD	EFGDD	EF  (2.2) 
where 𝑅 𝜆  is the percentage reflectance at each wavelength 𝜆 . Quantifying 
photocurrent or current losses under AM1.5G spectrum is widely used in this thesis as 
a single-value metric for optical loss analysis and optimisation.   
2.3 Simulation Methods Used in This Thesis 
 Geometrical Models for Surface Textures 
A proper geometrical model for a surface texture is essential for accurate optical 
simulations. As shown earlier in Figure 2.6, industrial Si wafer solar cells typically 
have a textured front surface, e.g. a pyramid texture for mono-Si and an isotexture for 
multi-Si. For mono-Si wafers, starting with a (100) surface orientation, the alkaline 
selective etching results in pyramidal textures formed by four (111) facets. Figure 2.21 
shows the pyramid structure that is used for modelling the alkaline etched pyramid 
textures. The inclination angle between a (111) facet and the (100) base is 54.7˚. 
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Figure 2.21: The pyramid structure of an alkaline etched mono-Si wafer. The 
characteristic angle 𝜔c of the pyramids is typically 54.7˚. 
For multi-Si wafers, the starting surface orientations are different in different crystal 
grains. Therefore, isotropical acid etching is usually applied, which results in a 
spherical-cap shape of textures. Figure 2.22 shows the spherical-cap structure that is 
used for modelling the acid etched isotextures. Depending on the etching time, the 
spherical cap varies in its depth, therefore the characteristic angle 𝜔c also changes. For 
industrial multi-Si solar cells, the characteristic angles of the isotextures are in the range 
of 50˚ – 80˚. In the simulation, the characteristic angle is usually determined through 
fitting of the measured reflectance spectra. 
  
 
Figure 2.22: The spherical-cap structure for the isotextures of the acid etched multi-Si 
surfaces. The characteristic angle 𝜔c for the spherical caps usually varies from 50˚ – 
80˚, depending on the etching duration. 
 Ray Tracing Method 
The ray tracing method is commonly applied to simulate reflection and absorption in 
silicon wafer solar cells [65,66,88,89]. The typical texture structures, e.g. pyramids or 
34 
spherical caps, are commonly in the range of several micrometres. As the feature sizes 
of the surface textures are comparable to the wavelengths of the incoming photons, 
geometrical optics can be applied to the interactions between light and the textures. 
Figure 2.23 shows an example of a ray tracing simulation.  
Typically, one single pyramid is selected as the symmetrical unit element in the 
simulation. The incident illumination is divided into a number of rays, which are then 
traced. The directions of the rays are determined according to the laws of reflection and 
refraction at the surface texture, while the intensities are determined by the absorptance 
in the absorber material (which is calculated with the Lambertian-Beer law) and the 
reflectance and transmittance at the interfaces (which are calculated with the transfer 
matrix method). The transfer matrix method will be described briefly in Section 2.3.5. 
When hitting a vertical boundary plane, the rays are mirrored back due to the symmetry 
of the structure. 
 
Figure 2.23: An example of ray propagation paths in the ray tracing modelling of a 
pyramid-textured Si wafer.  
Since large numbers of rays need to be traced, the simulations using ray tracing can 
easily take more than half an hour, or even several hours on a personal computer. In 
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order to achieve accurate simulation with short computational times, the total number 
of rays used is a critical parameter to decide on.  
 Path Tracing Method 
The path tracing method proposed by Baker-Finch and McIntosh [44] is an extension 
of the ray tracing method. In the path tracing method, the interactions between light 
rays and the surface texture are statistically sorted into different “paths”. A path is 
defined as the group of light rays travelling in the same direction. By tracing a light 
path that represents a group of rays that travel in the same direction, the computational 
repetitions are much reduced, especially for regular textured structures (e.g. pyramid 
texture). The optical paths are illustrated in Figure 2.24 for the reflection of pyramid-
textured surfaces under normal incidence. For the regular pyramid texture, the majority 
of photons travels the double-interaction path (path A), while a small number of 
photons travels along the triple-interaction path (path B).  
 
Figure 2.24: Schematic illustrations of light interaction with a pyramid-textured surface. 
(a) The optical paths of a double interaction (path A) and a triple interaction (path B); 
and (b) the corresponding area fractions when normal-incident light follows path A or 
B. 
The corresponding reflection paths are listed in Table 2.1. For each path, Table 2.1 
shows the probability that light follows the path, the series of incidence angles (θ1, θ2, 
and θ3) with respect to the microscopic surface normal at successive interactions, and 
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the exit paths along which light leaves the pyramids (θr and ϕr in the polar coordinates 
with respect to the global normal of the sample).  
Table 2.1: Reflection paths of upright pyramids with a perfect (111) 
facet under normal incidence. 
Path Incidence angle Path fraction Exit path 
 θ1 θ2 θ3  θr ϕr 
A 54.7° 15.9° - 0.8944 38.8° 0° 
B 54.7° 15.9° 86.5° 0.1056 31.8° 0° 
 
 Analytical Model for Light Trapping 
Although comprehensive 3D ray tracing or path tracing models account for all the 
optical effects, these simulations require the detailed knowledge of the surface 
morphology. It is necessary to characterize the surface morphology properly using a 
method as demonstrated in Section 2.4.3. Alternatively, the analytical optical model 
proposed by Basore et al. [90] require less knowledge of surface morphologies for 
optical simulations and still provides sufficient accuracy for most of the applications.  
 
Figure 2.25: Analytical model to simulate the total reflection and absorption spectra in 
a textured solar cell.  
Light incident onto the solar cell is partially reflected at the front surface with 
reflectance Rf. Light rays that pass through the substrate do so at a refracted angle. The 
band-to-band absorption attenuates the light by a factor of T1 before it is reflected at 
the back with reflectance Rb1. Similarly, the light intensity is further reduced by the 
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second and subsequent passes through the cell. Light trapped within the solar cell from 
the third pass onwards (including the third pass) is assumed to be randomized and 
therefore become diffuse. However, the light in the second pass is only partially diffuse 
and the fraction of the diffuse light is determined by a Lambertian factor introduced by 
Brendel et al. [91]. Moreover, Brendel et al. [91] also discussed the parameterization 
of this model for pyramid-textured mono-Si solar cells, while Baker-Finch et al. [47] 
adapted the parameterization for isotextured multi-Si solar cells. Based on this 
analytical model, an extended optical model is presented for thin-film on Si tandem 
solar cells and subsequently used for loss analysis and optimisation in Chapter 5 of this 
thesis. 
 Transfer Matrix Method  
The transfer matrix (TM) method is an approach for simulating reflectance, 
transmittance and absorptance in planar thin-film stacks. Complementing all the ray-
optics methods (i.e. ray tracing, path tracing, and analytical modelling) introduced 
previously, the TM method is able to simulate the wave optical effects (e.g. inter-
ference). In the TM method, light propagation in one thin-film layer is represented in a 
2 × 2 matrix configuration with Fresnel coefficients. The optical response of a thin-
film stack is calculated by multiplying the matrices of each layer. The detailed 
formulation of the TM method can be found in [92] for coherent layers (internal 
interference fully taken into account). When there is an incoherent layer (internal 
interference ignored), the simulated spectra from the formulation described by Macleod 
[92] have very narrow oscillation peaks and deviate from the experimental optical 
response. Centurioni [93] presented a generalized formulation to handle the mixed 
coherent and incoherent layers.  
By incorporating Poynting vector method in the TM method, the absorptance profile 
in each layer can be calculated as well. The optical simulation using the TM method 
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requires (spectrally resolved) optical constants (i.e. n and k data) and layer thicknesses 
as inputs. Discrepancies of the optical constants and thicknesses used in the simulations 
and the ones of the actual materials may cause significant errors. Spectroscopic 
ellipsometry (described below in context with Figure 2.31) should be used to determine 
the optical constants and thickness of the thin films, especially for new materials.  
In almost every optical simulation in this thesis, the TM method is incorporated with 
other simulation methods (e.g. ray tracing, path tracing and analytical modelling) and 
used to simulate reflectance and transmittance at the interfaces and the absorptance in 
the thin films.  
 Optimising PV Devices using Potential Gain Analysis  
Loss analysis as discussed in Section 2.1.1.3, Section 2.1.2.3, and Section 2.1.3.3 helps 
to identify the most significant losses in a PV device and provides insight on which 
losses should be tackled first. However, it has been found that the amount of the photon 
loss (e.g. loss due to metal shading) is not equal to the expected potential gain when 
avoiding this loss. The reason is that loss channels in PV devices are interrelated. When 
reducing one loss channel, losses in several other channels can be increased. The 
analogy of a “leaky bucket” as shown in Figure 2.26 was used by Glunz [94] to explain 
the interrelation among the loss channels in a PV device. Optimizing a PV device is 
similar to fixing a leaky bucket. When one hole in the bucket is fixed (i.e. repaired), 
more water can leak out of the other holes of the bucket. Therefore, in addition to 
finding out how much the loss through each “hole” is (i.e. each loss channel), 




Figure 2.26: The “leaky bucket” analogy illustrating a PV device with different losses. 
Adopted from [94]. 
Brendel et al. [30] showed that the simulation models developed for loss analysis can 
be used to determine the potential gain due to eliminating each loss. For example, 
Figure 2.27 shows the analysis of potential efficiency gains in an Al-LBSF solar cell. 
By simulating every possible case where one loss parameter is reduced to its ideal value, 
a Pareto chart of the potential efficiency gains is shown as Figure 2.27 for each 
improvement [30]. Moreover, the additional gains that can be obtained by co-
optimizing all the parameters simultaneously are categorized as the synergistic gains. 
These synergistic gains are shown separately in Figure 2.27 for the synergistic effects 
within each loss group (i.e. optics, recombination, and resistance) and the synergistic 
effect among all the groups respectively. The potential gains due to single-parameter 
improvements, the synergistic effects fill up the gap between the efficiency of the 
investigated solar cells and the theoretical Auger limit of ~29%. 
With a Pareto chart of potential efficiency gains, it becomes apparent which “hole” (i.e. 
loss channel) should be optimized first. This potential gain analysis is further extended 
in Chapter 5 of this thesis for thin-film on Si tandem solar cells. By iteratively repeating 
the potential analysis after each loss is reduced in the simulation, the best optimization 
sequence is determined for optimizing the short-circuit current density (jSC) of thin-film 
on Si tandem solar cells (see Section 5.5 in Chapter 5).  
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Figure 2.27: Potential efficiency gain analysis of an Al-LBSF solar cell. Adapted from 
[30]. 
In addition, it should be highlighted that the potential gain analysis is actually 
computationally intensive. To determine each bar of the potential gain in Figure 2.27, 
one independent simulation is required. For example, the total number of 22 bars in 
Figure 2.27 was determined by 22 independent simulations. Therefore, in order to 
perform a potential gain analysis within a reasonable time, the used simulation models 
have to be as compact as possible. Brendel et al. [30] highlighted that the ray tracing 
method was not suitable for optical simulations in their analysis, and therefore an 
analytical optical model was used instead. Thus, development of an analytical model 
for a fast optical simulation of thin-film on Si tandem solar cells is the first step in 
Chapter 5 of this thesis, which thereby enables the further determination of 
optimization sequences.  
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2.4 Characterisation Techniques Used in This Thesis 
 Spectrophotometry 
Spectrophotometers measure wavelength-dependent optical properties (reflectance, 
transmittance, and absorptance) in the ultraviolet-visible-near-infrared (UV-Vis-NIR) 
spectral range. Hemispherical total reflectance and transmittance spectra are important 
metrics for determining optical properties of solar cell materials. Those measurements 
require using a UV-Vis-NIR spectrophotometer together with an integrating sphere. 
An integrating sphere is a hollow spherical cavity with highly diffuse reflective 
coatings (e.g. Spectralonâ) on the inner surface [95,96]. Due to Lambertian reflection 
behaviour of the inner surface, light rays quickly become uniformly distributed after a 
few scattering reflections in the integrating sphere, as illustrated in Figure 2.28.  
For a reflection measurement, a sample is placed at the reflection port at the back of 
the integrating sphere; therefore, the reflected photons can be collected. To avoid 
specularly reflected photons directly coupling out of the integration sphere, the incident 
angle of a reflection measurement is designed to be 8°. This is acceptable, as the 
reflectance spectra of 8° incidence are usually very close to normal incidence. On the 
other hand, a sample of a transmission measurement is placed at the transmission port 
in front of the integrating surface so that the transmitted photons can be collected. For 
transmission measurements, the direct out-coupling issue does not exist and therefore 
the transmittance is usually measured at normal incidence. The reflectance spectra in 
Figure 2.5 can be measured using the integrating sphere. Two spectrophotometers in 
SERIS (with a 150-mm diameter integrating sphere) were used for measuring total 
reflectance and transmission spectra in this thesis: Perkin Elmer model Lambda 950 in 




Figure 2.28: Schematic diagrams of an integrating sphere for measuring (a) reflectance 
and (b) transmittance. 
 Goniophotometry 
Goniophotometry measures angular-resolved reflectance and transmittance [97,98]. It 
is an important technique for characterizing the photon scattering effect of textured 
samples [99]. As shown in Figure 2.29, the sample is usually placed at the centre with 
a light beam incident on the sample. The detector arm swings along the circular track 
and takes the measurements at different reflection angles. Depending on the system, 
the detector arm can move along one axis or two axes to obtain 1D or 2D scattering 
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properties. The goniophotometer used in Chapter 3 of this thesis is a Pab GmbH model 
GP II in SERIS, for which the detector can move in two axes. The distance between 
the sample and the detector was around 1.5 meters. The light source for the incident 
beam was a Xeon lamp.  
 
Figure 2.29: Schematic of the setup of angularly resolved photo-goniometer. 
 3-Dimensioanal Surface Imaging 
3D surface imaging is useful for characterizing surface morphologies and therefore 
optical scattering properties. In this thesis, two techniques are explored: a) atomic force 
microscope (AFM) and b) confocal optical microscope.  
AFM resolves the surface morphology by directly scanning the surface using a 
cantilever probe [100], and is used for imaging the morphology of the textured Si 
surfaces in Chapter 3. The scanning area of an AFM is typically less than 200 µm × 
200 µm and the maximum height range is around 10–20 µm. The AFM used in this 
thesis is Veeco Metrology model DAFM-AM located at the Department of Material 
Science and Engineering, NUS. 
For imaging larger areas and larger heights, confocal microscopy was used. A confocal 
optical microscope (with a white light source) constructs a 3D image of a surface by 
taking several images at different focal planes [101]. The 3D images are used to analyse 
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the morphology of the metal fingers in Section 4.4 of Chapter 4. The 3D optical profiler 
used in this thesis is a Zeta Instruments model ZETA-200 located at SERIS. 
The 3D surface profiles were used as an input to estimate the optical scattering of the 
textured surface [102]. By connecting three adjacent pixels in the 3D surface profile 
shown in Figure 2.30, a triangular micro-plane is formed, which is larger than the 
wavelength of the incoming light. The inclination angle	𝛼 of the micro-plane is defined 
by the angle between the surface normal and the macroscopic z-axis. The histogram 
distribution of the inclination angle 𝛼 is used in Chapter 3 to approximate the 
geometrical structure of the saw damage etched surface and in Chapter 4 to estimate 
light scattering by the metal fingers. 
 
Figure 2.30: The example of analysing 3D surface profiles  
 Spectroscopic Ellipsometry 
Spectroscopic ellipsometry is an optical technique for investigating the properties of 
thin films, such as thickness, complex refractive index, surface roughness, crystallinity 
etc. As illustrated in Figure 2.31, ellipsometry probes a sample with linearly polarized 
light and measures the polarization change of the reflected light. The polarization 
change is quantified by two terms, the amplitude ratio 𝛹	and	the	phase	difference 𝛥 
of the s- and p-polarizations of the reflected light.  
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Figure 2.31: The basic principle of an ellipsometry measurement with the incident 
beam on the left and the reflected beam on the right. 
The spectroscopic ellipsometers used in this thesis are a Semilab model SE-2000 
located in SERIS and a J.A. Woollam Co. model M-2000 located in SMART. Both 
systems use a rotating-compensator configuration with a CCD camera as detector and 
are able to measure the spectral range from 280 nm to 1600 nm. 
Figure 2.34 shows the measurement and data analysis procedure for spectroscopic 
ellipsometry [103,104]. After measuring 𝛹	 and 𝛥	 for each wavelength 𝜆, 𝛹	 and 𝛥	
spectra are simulated with the certain assumptions of structure and optical dispersion 
model. The simulated 𝛹	and 𝛥	spectra are fitted towards the measured ones by varying 
the film thickness and the parameters in the dispersion model. When good fitting is 
achieved, optical constants (n and k data) and thicknesses of dielectric thin films can 
be obtained. A further application of optical constants and thickness of the thin film is 
to simulate the optical reflectance, transmission and absorptance spectra of the solar 




Figure 2.32: Flowchart of ellipsometry measurement and data analysis procedure. 
In order to determine the optical constants of a thin film accurately using spectroscopic 
ellipsometry, it is important to use an appropriate assumption of an optical dispersion 
model. Here are some examples for the commonly used materials in this thesis: 
dielectric films with UV absorption (e.g. SiNx, TiOx, etc.) follow the Tauc-Lorentz 
model; transparent conductive oxides with UV and NIR absorption (e.g. ITO) follow 
the Tauc-Lorentz model with an additional Drude model, and transparent dielectric 
films (e.g. AlOx, SiO2, etc) follow the Cauchy model. The exact dispersion relations 
and the data analysis procedures can be found in any ellipsometry textbook, such 
as [103,104].  
 Spectral Response and Quantum Efficiency Measurements 
The spectral response (SR) of a solar cell is the ratio of current generated by the cell to 
the power of the illumination at each wavelength, for short-circuit conditions: 
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𝑆𝑅(𝜆) = 𝐼N](𝜆)𝑃_LL`F(𝜆) (2.3) 
where 𝐼N](𝜆) is the short-circuit current and	𝑃_LL`F(𝜆) is the power of the illumination 
beam at each wavelength 𝜆.  
In a SR measurement, the solar cell is probed by a monochromatic light beam on the 
solar cell and the current generated at each wavelength is measured. The power of the 
monochromatic illumination beam	𝑃_LL`F(𝜆) is determined using a reference detector 
with known SR. Equation 2.3 is used to calculate the 𝑆𝑅(𝜆) (in A W-1) of the solar cell 
under test.  
The SR measurement system in this thesis is a Bentham model PV-300 located at 
SERIS. The signal beam of the SR system is a small spot with the approximate 
dimension of 1 mm × 10 mm. The small beam is able to fit in between two adjacent 
metal fingers, which allows the SR measurement for the active area of solar cells 
(without shading loss of the metal fingers).  
The SR can also be expressed as the external quantum efficiency (EQE), which is 
defined as the percentage ratio of the number of electron-hole pairs collected in a solar 
cell to the number of incident photons: 
𝐸𝑄𝐸 𝜆 = 𝐼N](𝜆)/𝑞𝜙_LL`F(𝜆) ×100% (2.4) 
where Φ_LL`F(𝜆) is the photon flux of the illumination at each wavelength 𝜆 and 𝑞 is 
the elementary charge. With Eqs. (2.3) and (2.4), 𝐸𝑄𝐸  and 𝑆𝑅  can be directly 
converted by: 
𝐸𝑄𝐸 𝜆 = ℎ𝑐𝑞𝜆 𝑆𝑅 𝜆 ×100% (2.5) 
where h is the Planck constant, and c the speed of light in vacuum. SR or EQE measure-
ments are used for characterizing solar cells and modules in this thesis in Chapters 4 
and 5.  
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 Luminescence Imaging  
Luminescence of a photovoltaic device, including electroluminescence (EL) and photo-
luminescence (PL), refers to the photon emission process due to radiative 
recombination that is induced by either electrical bias or by photon excitation. The 
emitted photons from each point of the solar cell are captured and imaged by a charge-
coupled-device (CCD) camera. Figure 2.33 shows a schematic diagram of a set up for 
EL and PL imaging.  
 
Figure 2.33: Schematic of a luminescence imaging system that can be used for both 
electroluminescence (EL) and photoluminescence (PL) measurements.  
The emission photon flux 𝜙hF(𝐫) at the position r on the surface of a solar cell is 
related to the junction voltage 𝑉(𝐫) at that position: 
𝜙hF(𝐫) = 𝐶]jL_(𝐫) exp 𝑉(𝐫)𝑉l − 1  (2.6) 
where 𝑉l is the thermal voltage and 𝐶]jL_(𝐫) is a local calibration factor that relates the 
optical and material properties of the solar cells and the camera imaging system. 
Luminescence imaging is used to analyse PV devices for their optical properties (e.g. 
texture uniformity and light trapping effectiveness), electrical properties (e.g. local 
49 
diffusion lengths, series and shunt resistances) and mechanical properties (e.g. micro-
cracks, disruption of metal grids etc.). 
The luminescence imaging system in this thesis is a BT imaging model LIS-R2 located 
at SERIS. The system is equipped with a Si CCD camera that can produce an image 
size of 1024 by 1024 pixels. Two camera lenses are available with different magnifi-
cation levels. The low-magnification lens maps each pixel to an area 170 µm × 170 µm 
at the sample plane, while the high-magnification lens maps each pixel to a 26 µm × 
26 µm region.  
One important theorem about the luminescence of solar cells is the optoelectronic 
reciprocity relation derived by U. Rau, which relates the electroluminescence emission 
with the photovoltaic quantum efficiency (EQE) as follows:  
𝜙hF 𝐸, 𝐫 	= EQE 𝐸, 𝐫 𝜙pp 𝐸 	 exp 𝑉 𝐫𝑉l − 1  (2.7) 
where 𝐸 is the photon energy, 𝐫 is the surface position vector, 𝑉(𝐫) is the local voltage 
across the junction due to excess carriers, 𝑉l  is the thermal voltage and 𝜙pp  is the 
photon density of the black-body radiation: 
𝜙pp 𝐸 = 2𝜋𝐸C/(ℎG𝑐C)exp 𝐸/𝑞𝑉l − 1 (2.8) 
where h is Plank’s constant and c is the vacuum speed of light. Note that the angle of 
the incident light and the angle of emitted light have to be the same (i.e. reverse optical 
path). This assumption is usually fulfilled in EQE and luminescence measurements of 
solar cells as the incidence or emission angle of light is typically perpendicular to the 
surface of the solar cell. This reciprocity theorem reduces the interpretation of the EL 
to the task of interpretation of the EQE, and vice versa. This theorem will be extensively 
used in Chapter 4 for analysing the lateral harvesting of photons in PV modules.  
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 Image Deconvolution Technique 
The luminescence images taken by the Si CCD camera have a lateral smearing 
phenomena [105-107]. Walter et al. [107] estimated that only about 12% of the light 
impinging on a pixel is absorbed within this pixel, while the majority is absorbed in the 
neighbouring pixels; this effect can result in significant errors for quantitative analysis 
of the images. This smearing phenomenon is because the luminescence photons 
(wavelength range of 1050 to 1250 nm for Si solar cells) can spread into pixels which 
are far away from the initial point of incidence because a Si CCD absorbs these photons 
very weakly. A practical way to partially eliminate the lateral smearing effects from 
the images is image deconvolution. The deconvolution procedure used in this thesis is 
shown in Figure 2.34. The first key step of a reliable deconvolution is to determine the 
point spread function (PSF), which mathematically describes the extent of the lateral 
smearing. Once the PSF of the camera system is known, the deconvolution process can 
restore a closer approximation of the true image.  
 
Figure 2.34: The flowchart of the deconvolution procedure of luminescence images. 
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The direct measurement of the PSF of a CCD camera is difficult because it requires 
imaging of the high power signal through a fine pinhole aperture. Instead of directly 
measuring the PSF, the measurement of the edge spreading function (ESF) at a sharp 
edge was proposed in [108-110]. To determine the ESF of the CCD camera of the 
luminescence imaging system in SERIS, a luminescence image was taken with a sharp-
edged metal plate on a high-quality interdigitated-back-contacted (IBC) silicon wafer 
solar cell. The purpose of this setup was to create a black-and-white contrast. However, 
the signal spreading towards the dark region was clearly observed in the sharp-edge 
image and the line scan across the sharp edge (shown in the inset in Figure 2.36). This 
signal spread from the edge is actually the so-called ESF, which was plotted as green 
scatter points in Figure 2.35(a). In order to reduce the noise, the ESF was fitted by a 
3-expontial polynomial as follows:  𝐸𝑆𝐹(𝑥) = 𝐵D + 𝐵>ewxy + 𝐵Cewzy + 𝐵G𝑒w|y (2.9) 
where B0, B1, C1, B2, C2, B3 and C3 are the fitting parameters and x is the points along 
the perpendicular direction across the edge.  
The fitted ESF is plotted in Figure 2.35(a) as a black line. The derivative of the ESF is 
the so-called line spreading function (LSF). Therefore, the LSF shown in Figure 2.35(a) 
was obtained by differentiating the fitted ESF along the x direction. After obtaining the 
LSF, the PSF was derived from iteratively fitting the LSF as described in [109], which 
is also shown in Figure 2.35(a). With the assumption that the PSF is rotationally 




Figure 2.35: (a) Comparison of the normalized profiles of the measured and fitted ESF, 
the LSF, and the PSF; (b) the reconstructed 2D profile of the PSF.  
The next step after obtaining the PSF is to perform image deconvolution. An iterative 
deconvolution approach, the Richardson-Lucy (RL) algorithm with Total Variation 
(TV) regularization [111-113], was adopted following [105-107]. The freeware image 
processing tool ImageJ [114] was used with the plugin software Deconvolution Lab 
[115]. In order to select the deconvolution parameters properly, the RL-TV 
deconvolution algorithm was applied to the sharp-edge image before applying it to the 
actual images of the samples. The two deconvolution parameters, namely 
regularization factor k and the number of iterations, are varied to restore the sharp-edge 
image. The regularization factor kreg = 0.001 was found to provide the reasonable noise 
level in the deconvoluted sharp-edge image. In fact, the value of k does not severely 
affect the quantitative results since we analyse the average intensity over several pixels. 
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On the other hand, the number of iterations Niter was set to 1, to produce the least 
distortion in the deconvoluted sharp-edge images. Therefore, we applied one iteration 
of RL-TV deconvolution for each image with kreg equal to 0.001. The deconvoluted 
sharp-edge image and the corresponding line scan across the edge are also shown in 
Figure 2.36 for comparison.  
 
Figure 2.36: Comparison of the horizontal line scans of the raw (i.e. as-measured) and 






 Advanced Optical Loss Analysis of Si Wafer 
Solar Cells: Optical Model for Textured Rear Surfaces* 
This chapter focuses on developing the method of characterizing and modelling the 
textured rear surfaces in Si wafer solar cells. Al-LBSF solar cells are poised to replace 
the standard industrial Al-BSF cells due to the improved rear surface optics and 
passivation. In Al-LBSF cells, the rear surface of Si wafers needs to be better 
characterized and modelled in order to achieve further device optimisation. The method 
of characterizing the surface morphology is demonstrated on the rear surfaces of 
SERIS-fabricated Al-LBSF solar cells, which feature alkaline saw-damage-etched 
(SDE) textures. Instead of representing the rear surfaces by an empirical scattering 
model as used in the state-of-the-art optical simulation, the morphology of SDE 
surfaces of mono-Si wafers is characterized for the first time. With the characterized 
parameters, a new geometrical model is proposed for SDE surfaces, and subsequently 
implemented in an in-house developed optical path tracer. Using the optical path tracer 
with the proposed geometrical model, the optical simulation reproduces the measured 
reflectance and transmittance spectra for various Si samples with SDE surfaces. Finally, 
the optical model is applied to a loss analysis of Al-LBSF solar cells and the 
optimisation of the rear SDE surface. 
3.1 Introduction 
Higher conversion efficiency is desired for Si wafer solar cells to further reducing the 
cost of PV generated electricity [116]. The efficiency of standard industrial Si Al-BSF 
solar cells is currently predominantly limited by optical and recombination losses at the 
                                                      
*  The main results of this chapter have been published in: Z. Liu, N. Sahraei, B. Hoex, 
A.G. Aberle and I.M. Peters, IEEE Journal of Photovoltaics 4, 1436 (2014). 
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rear surface [117,118]. The improved rear surface optics and passivation have been 
achieved by solar cells with local back-surface-field regions, for example,  alloyed 
Al-LBSF cell [119], PERC [120], and PERL cell [121] as introduced in Section 2.1.1.1. 
Unlike the pyramid-textured front surface, the rear surface of LBSF solar cells is 
usually relatively “planar”. The advantage of planar surfaces is that they allow good 
dielectric passivation [122,123] as well as uniform formation of local BSF regions 
[124].  
In recent years, two industrially feasible processes were developed to produce Al-LBSF 
solar cells with a textured front and a relatively planar rear. One process is to texture 
both surfaces of a silicon wafer and subsequently remove the texture on one side by an 
acidic wet-chemical polish [125-129]. The other is to have a protecting dielectric layer 
(e.g., silicon nitride or silicon oxide) on one side during texturing and remove this layer 
in a later step [37,130-134]. Although the process of single-side polishing requires 
simpler process steps, the approach using a protection layer has the advantage of a 
lower silicon material consumption (about 10 to 20 µm) [135,136]. However, the PV 
company Centrotherm makes the approach using a protection layer attractive again by 
developing a simplified process where the protection layer does not need to be removed 
and serves as a rear passivation layer in the final solar cell [137]. Prajapati et al. [138] 
also proposed an advanced approach of preparing Si wafers for LBSF solar cells, which 
decouples the front surface texturing and the rear saw-damage etching in a single 
chemical bath.  
However, none of these processes produces a completely planar rear surface. Instead, 
the rear surfaces are usually etched into textures with lower aspect ratios (of height 
over width). For example, the fabrication process in SERIS [139] using a SiNx 
protection layer produces LBSF solar cells with saw-damage etched (SDE) rear 
surfaces, as shown in Figure 3.1. The textured structures can be clearly seen on a SDE 
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surface of a Si wafer. The SDE surface is interesting because it has demonstrated the 
sae low surface recombination rates as  a polished planar surface, but the texture 
structures on SDE rear surfaces can enhance light trapping in Si wafer solar cells [117].  
 
Figure 3.1: Plan-view scanning electron microscope image of the alkaline saw-damage-
etched (SDE) surface of a Cz-grown mono-Si wafer. 
 
Figure 3.2: The measured reflectance (R) and transmittance (T) spectra of a double-
sided SDE sample in comparison with the simulated R and T spectra of a double-sided 
planar sample.  
This light trapping enhancement is contributed by photons that are scattered at the 
textured structures of SDE surfaces. Figure 3.2 compares the reflectance and 
transmittance spectra of a double-sided planar wafer and a double-sided SDE wafer. 
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The comparison shows that, at around 1100 nm, the SDE wafer has less transmission 
loss and less front surface escape loss than the planar wafer.  
However, the previous studies mainly focused on the effect of the rear surface 
passivation [140,141]. The impact of the SDE rear surface on light trapping has not 
been systematically investigated to date. Moreover, most optical simulations of the 
SDE rear surface use either Basore’s analytical model [90,91] as introduced in Sec-
tion 2.3.4, assuming a fraction of light with a Lambertian distribution [141], or the 
Phong scattering model incorporated in a ray tracer [88]. However, when these 
analytical assumptions of the light scattering distribution are used, the optical 
simulation has to introduce two empirical fitting parameters: the light scattering factor 
(e.g. the Lambertian fraction or the Phong factor) and the rear surface reflectance. It is 
difficult to apply these simulation models to the optimisation of the rear surface 
reflectance by varying the dielectric layers.  
Most importantly, the SDE surface does not strictly fulfil the assumptions of the 
Lambertian or Phong model because the alkaline etching process results in preferential 
crystal planes with distinct crystal orientations. The recently developed tilted-mirror 
model [89,142] could in principle be used to model the SDE surface accurately. In this 
method, arbitrary surfaces are represented by a series of triangular micro-mirrors from 
a measured 3-dimensional height profile. However, the tilted-mirror model does not 
make use of the intrinsic geometry of the SDE surface. 
In this chapter, a geometrical optical model is proposed to represent the SDE surface. 
This model describes the SDE surface with a finite number of facets; a planar square 
facet in the centre and four surrounding tilted facets (Figure 3.3). An experimental 
study was carried out to investigate the angular and spectrally dependent optical charac-
teristics of the SDE surfaces. In this chapter, a geometrical optical model is proposed 
to represent the SDE surface as illustrated by the geometrical structure in Figure 3.3. 
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This geometrical structure describes the SDE surface with a finite number of facets: a 
planar square facet in the centre and four surrounding tilted facets.  
 
Figure 3.3: Schematic diagrams of the proposed geometrical model for alkaline SDE 
surfaces of <100> Si wafers. (a) Plan view; and (b) cross-sectional view. 
The planar fraction (fp) and the characteristic angle (ωSDE) were determined by a series 
of angular resolved measurements. The planar fraction (fp), which describes the area 
fraction of the planar facets over the entire SDE surface, is defined as: 
𝑓4 = 𝑠4~C𝑠MC (3.1) 
where spf2 is the area of the planar facet and stot2 is the total area of the symmetrical 
unit. On the other hand, the characteristic angle (ωSDE) is the inclination angle between 
a tilted facet and the planar facet.  
Combined with the path tracing method, which was introduced in Section 2.3.3, this 
geometrical model is applied to simulate the spectral reflectance of samples with a 
pyramidal front and SDE rear with the extracted parameters from goniometry and 
height profiling. In a second step, the developed model is used to assess the optical 
impact of SDE surfaces for alloyed aluminium local back surface field (Al-LBSF) solar 
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cells. The absorbed photons are compared for an Al-LBSF cells with SDE rear to a 
similar solar cell with a completely planar rear. 
3.2 Sample Preparation and Characterisation 
Before discussing the characterisation of the SDE surfaces, this section introduces the 
sample preparation and the characterisation methods. The samples of this study were 
prepared by P. K. Basu, J. Chen, Z. Du, and D. Sarangi from SERIS. The samples were 
prepared by the fabrication process flow of Al-LBSF solar cells shown in Figure 3.4(a). 
Semi-processed samples and Al-LBSF solar cells were used for the detailed analysis. 
More details about the Al-LBSF fabrication process and the performance of the solar 
cells can be found in [139]. Four types of samples were investigated in this study: 
1) double-sided SDE samples (Figure 3.4b), 2) samples with pyramid-textured front 
and SDE rear surface (Figure 3.4c), 3) textured samples with emitter and dielectric 
passivation (Figure 3.4d) and 4) the completed Al-LBSF solar cells (Figure 3.4e). 
These four types of samples are referred to as i) SDE sample, ii) textured sample, iii) 
passivated sample and iv) finished Al-LBSF solar cell, respectively, throughout the 
remainder of this thesis.  
The SDE samples were coated with a SiNx masking layer at the rear surface and these 
samples were used to investigate the characteristic angle ωSDE as well as the planar 
fraction fp. The 3D reflection distributions of the SDE surfaces were measured using a 
goniophotometer in SERIS (Pab GmbH model GP II, as introduced in Section 2.4.2) 
under normal incidence. In addition, the 3D height profiles of the SDE sample, the 
textured sample and the passivated sample were measured using an atomic force 
microscope (AFM) (Veeco Metrology model DAFM-AM, as introduced in 
Section 2.4.3). For each measurement, 512 × 512 points were collected over an area of 
100 µm × 100 µm. The spectral hemispherical reflection and transmittance of all the 
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samples (except the transmission of the finished cells) was measured in the wavelength 
range of 300 to 1200 nm using a spectrophotometer (Perkin Elmer model Lambda 950, 
as introduced in Section 2.4.1) with an integrating sphere (with the diameter of 
150 mm). The goniophotometry and AFM measurements were carried out by Nasim 
Sahraei, who worked at SERIS at the time of the measurements and is now at SMART. 
 
Figure 3.4: Schematic illustration of (a) the fabrication flowchart of Al-LBSF solar 
cells, (b) SDE sample with an SDE surface on both sides (“SDE sample”), (c) alkaline 
textured sample with a pyramid-textured front and SDE rear with a masking layer 
(“textured sample”), (d) textured sample coated with a front antireflection coating and 
a rear dielectric passivation stack (“passivated sample”), and (e) a finished Al-LBSF 
cell obtained by adding front and rear metal contacts to Sample D (“finished Al-LBSF 
cell”). The blue boxes of the flowchart in (a) mark the experimental steps where the 
investigated samples were taken.  
3.3 Characteristics of SDE Surface 
Figure 3.5 shows the reflection distribution of an alkaline SDE silicon surface in 
spherical coordinates with polar angle q and azimuth angle φ, as measured with the 
goniophotometer. The incident light is reflected into four discrete directions, corres-
ponding to the four tilted facets of the SDE surface, in addition to specularly reflected 
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light from the planar areas. This reflection distribution indicates that the SDE surface 
can be represented by the geometrical model shown in Figure 3.3. Since the starting 
silicon wafer was (100) oriented, the planar facet corresponds to the (100) crystallo-
graphic plane. The tilted facets result in reflected peaks with polar angles between 40° 
and 50°. As the light incidence during the goniophotometer measurements was normal, 
the angle of the polar tilting angle of the facets is half of the reflection angle (between 
20° and 25°).  
 
Figure 3.5: Normalized angular distributed reflection of the SDE sample, as measured 
with a goniophotometer under normal incidence. The data is presented in spherical 
coordinates with polar angle q and azimuth angle f. The characteristic angle of the 
facet equals half of the angle under which the reflected light is measured.  
According to [143-145], (411) or (311) crystallographic planes are formed together 
with (100) planes during alkaline etching, because of the similar etching rates. The (411) 
and (311) planes have an angle of 19.5° and 25.2° with the starting (100) plane. The 
measurement suggests an effective characteristic tilting angle ωSDE of 22° which is 
interpreted as an inter-mixing of (411) and (311) planes. In all simulation results 
presented below, a ωSDE value of 22° was used. 
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The pyramid texture at the front surface is usually modelled by regular pyramids with 
a characteristic angle of 54.7° with respect to the (100) plane. However, in practice this 
characteristic angle deviates from the theoretical value of 54.7° [146]. Various 
publications, for example [99,147], suggest that the characteristic angle is closer to 50°. 
The angular reflection and AFM measurements confirm these results. Thus, in the 
optical simulations a characteristic angle of 50° was used instead of 54.7°. 
 
Figure 3.6: Histogram of local inclination angles of the micro-planes on an alkaline 
SDE silicon surface. The inset shows the 3D height profiles measured by AFM, from 
which the angle histogram was calculated. 
In addition to the characteristic angle, the planar fraction fp is also required to construct 
a comprehensive geometrical model for SDE surfaces. The inset in Figure 3.6 shows 
the 3D height profile measured by AFM of the SDE sample (as schematically shown 
in Figure 3.4(b). The distribution of local inclination angles of the micro-planes was 
calculated from the 3D height profiles and is shown in Figure 3.6 [102]. In this method, 
every three neighbouring points are grouped to form a triangular micro-plane and the 
local inclination angles of the micro-planes are calculated. The angles of the micro-
planes are binned with a resolution of 1° to get the angle distribution function.  
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There are two peaks at 3° and 22°, respectively, in Figure 3.6. The first peak is regarded 
as the planar facet and the second peak is regarded as the tilted facets. The deviation of 
the first peak from 0° is attributed to planarization errors in the AFM measure-
ments [148]. Consequently, the planar faction fp is the ratio of the area under the first 
peak to the total area. It was concluded that fp = 0.36 for an SDE sample (Figure 3.4b) 
and fp = 0.25 for the samples with pyramid-textured front and SDE rear (Figure 3.4c 
and Figure 3.4d). The difference in fp is because the SDE sample was pulled out from 
a different process batch but the other three samples were from the same batch. The 
higher planar fraction fp is probably due to a slightly longer etching time. Therefore, 
the planar fraction fp for the finished solar cell (Figure 3.4e) was assumed to be 0.25 as 
the same as the textured/passivated samples.  
3.4 Optical Simulations  
The characterized parameters of SDE surfaces (i.e. planar fraction fp and characteristic 
angle ωSDE) will be used as input parameters in optical modelling. However, optical 
simulation has to be completed with an appropriate simulation method. In the following 
sections, the extended path tracing method is introduced for simulating the light 
trapping effect in Si samples. The method is validated by comparing the results with 
the ones obtained from the ray tracing model in Sentaurus TCAD. Together with the 
characterized geometrical input parameters about the SDE surface, the path tracing 
method is used for simulating the reflectance or transmittance spectra for the four 
investigated samples that were shown in Figure 3.4. 
 Optical Path Tracing Method for Simulating Light Trapping  
Geometrical optics was applied in this optical model, as the feature sizes of the investi-
gated surfaces were in the range of a few micrometres. For a known surface geometry, 
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as previously introduced in Sections 2.3.1 and 2.3.3, Baker-Finch and McIntosh [44] 
demonstrated a method of calculating the reflectance by identifying the principle paths 
(A, B, …, N) for light interacting with the surface and by calculating the fractions (fA , 
fB, …, fN) of the incident light corresponding to each path.  
 
Figure 3.7: Schematic illustrations of path tracing method in pyramid-textured silicon 
wafers: (a) example of optical paths in silicon substrate; (b) the flow chart of the path 
tracing routine.  
In order to conduct an optical simulation of a solar cell, this approach is also extended 
to trace all transmitted light paths in Si solar cells, which can be identified in a similar 
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way as the reflection paths. The path tracing method for simulating the absorptance in 
the solar cells is illustrated in Figure 3.7. Due to the fact that the refractive index of Si 
is wavelength dependent, the transmitted path of the light in the solar cell is also 
wavelength dependent, which makes the simulation of the absorption much more 
computationally expensive. When light passes through the substrate and interacts with 
either the rear or the internal front surfaces, the number of paths in the silicon substrate 
multiplies. This happens for every interaction at the internal surface and after a couple 
of interactions, the number of paths becomes very large. To keep track of all these paths, 
an intensity matrix is introduced, which accounts for all intensities based on the 
direction of its path. Currently a 90×90 matrix is used, which covers polar and azimuth 
angles of 0° – 89° with a resolution of 1°. The calculation continues tracing the light 
paths up to a large number of passes (e.g. 100 passes) through the silicon substrate. 
 
Figure 3.8: Schematic illustration of light traveling the pyramid-textured surface. 
The absorption along the light path through the silicon substrate is calculated according 
to Lambert-Beer’s law. An example of light travelling through the pyramid-textured 
surface is shown in Figure 3.8. The carrier-generating absorption per pass in silicon 
substrate follows Equation (3.2) as below: 
𝐴_ = 1 − exp −𝛼_𝑊hcos 𝜑 exp −𝛼_𝑊_cos 𝜃  (3.2) 
where αSi is the absorption coefficient of silicon, We is the thickness of the doped 
emitter region, and WSi is the thickness of the silicon substrate. In this case, light travels 
through the near-surface region at an angle φ with respect to the surface normal, and 
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then continues passing through the substrate with another angle θt, with respect to the 
global normal, as shown in Figure 3.8. In addition to the band-to-band absorption in 
the Si, the free carrier absorption (FCA) was also calculated in a similar way. However, 
the FCA varies spatially with the doping concentration profile in the emitter region. 
The FCA per pass in Si is calculated by: 
𝐴 = 1 − exp −𝛼 𝑧 Δ𝑧cos 𝜑D exp −𝛼 𝑊h 𝑊_cos 𝜃  (3.3) 
where z is the discrete position from the front surface in the emitter, Δ𝑧 is the distance 
between two sampled positions, αFC is the absorption coefficient of the free carriers. 
The free carrier absorption coefficient 𝛼 𝑧  at each position z was calculated for a 
particular doping profile (e.g. error function) using Green’s parameterization [52]. The 
absorption of the reverse path can be calculated in the same way. 
 Validation of the Path Tracing Method 
By tracking all light paths for a large number of interactions, the extended path tracing 
method can also be used to calculate the absorptance and, correspondingly, the 
generation profile of charge carriers inside a solar cell. The result of such a calculation 
is shown in Figure 3.9 for a solar cell with a thickness of 200 µm. The results were 
compared with a ray tracing calculation using Sentaurus TCAD [149], where the Monte 
Carlo methods was used in the 3D structure of a pyramid-textured Si wafer. The 
photogeneration profiles from both the simulations are very close. However, the path 
tracing method can be much faster than the convectional ray tracing due to the fact that 
the path method only traces up to 8100 possible light paths while several hundred 
thousands of rays are traced in a ray tracing method. In this particular case using the 
same computational workstation (with up to 20 CPU cores), the computational time for 
ray tracing simulation in Sentaurus TCAD is more than 1 hour, whereas the path tracing 
simulation in Mathematica is only around 10-15 minutes. I would like to highlight that 
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the ray tracing simulation was carried out by Fajun Ma, who worked at SERIS at the 
time of the calculation and is now at UNSW Australia. 
 
Figure 3.9: Simulated one-dimensional generation profile using the path tracing 
method (red curve) as compared to ray tracing results obtained with Sentaurus TCAD 
(blue curve). 
 Input Parameters for Optical Simulations 
The proposed geometrical model for the SDE surface was implemented into this path 
tracing approach. For simplification, the SDE surface is treated as an ordered structure 
as illustrated in Figure 3.3, with periodical features. Unlike a planar surface, which only 
reverses the directions of the light rays, an SDE surface increases the number of light 
paths after every interaction, depending on which surface was hit. The light reflectance 
and transmittance at the material interfaces were calculated using the transfer matrix 
method [92,93]. Light absorption in silicon was calculated using Lambert-Beer’s law. 
The optical constants for PECVD silicon nitride (SiNx) with a refractive index of 1.99 
at a wavelength of 632 nm were taken from [150]. The optical constants of silicon, 
aluminium oxide (AlOx) and aluminium were taken from [52], [151] and [152], respec-
tively. The thickness of the silicon wafers was 150 µm for all samples. The thicknesses 
of the SiNx were 70 nm for the antireflective coating (ARC) and 100 nm for the 
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masking layer. The passivation stack has a 20 nm thick AlOx film and a 100 nm thick 
SiNx film. The simulation of the passivated sample also takes into account free carrier 
absorption (FCA) in the heavily doped n-type emitter and the lightly doped p-type bulk 
silicon. The empirical parameterization of FCA according to Green was used [41]. The 
doping concentrations of the bulk and emitter were calculated using the sheet resistance 
calculator developed by PV Lighthouse [42]. The emitter doping profile was 
approximated by an error function with a peak doping of 6.0×1019 cm-3 and a depth 
factor of 0.3 µm. 
 Simulation Results for Si samples with SDE surfaces 
In order to show the proposed geometrical approximation works, spectral reflection 
and/or transmission of the SDE sample, the textured sample, the passivated sample, 
and the finished Al-LBSF solar cell were simulated and compared to measured 
reflectance. The samples have been illustrated in Figure 3.4 and both the measured and 
simulated results are shown in Figure 3.10. The difference between the simulation and 
the experiment was quantified by the root-mean-square error (RMSE) of the equivalent 
current densities of the reflection and/or transmission. The root-mean-square error 
(RMSE) was calculated as follows: 
𝑅𝑀𝑆𝐸 = 12 (𝑗P,N_F − 𝑗P,FhjN)C + (𝑗l,N_F − 𝑗l,FhjN)C  
 
(3.4) 
where jR,sim  and jR,meas are the equivalent current densities of reflection for simulation 
and measurement, and jT,sim and jT,meas are the equivalent current densities of trans-
mission for simulation and measurement. For the finished solar cell, there is no trans-
mission. The RMSE is simply reduced to the difference between the equivalent current 
densities of reflection. Only the long-wavelength range of 950 nm to 1200 nm shown 
in Figure 3.10 is evaluated for the RMSE because the rear surface properties have a 
significant impact in this range.  
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Figure 3.10: Simulated and measured hemispherical reflection and transmission spectra 
of the SDE sample, the textured sample, the passivated sample, and the finished 
Al-LBSF solar cell. 
Figure 3.10(a) and Figure 3.10(b) show the RMSEs of 0.19 mA/cm2 for the SDE 
sample and 0.25 mA/cm2 for the textured sample. The mismatch is probably related to 
the slight over-simplification of using a regular geometrical model for both pyramid 
and SDE surfaces. The actual textured surfaces in silicon wafer solar cells have rounded 
edges and vertices, and a spread of the characteristic angles rather than the regular 
shapes assumed in this model. In Figure 3.10(c) and Figure 3.10(d), the RMSEs of the 
passivated sample and the finished solar cell were 0.57 mA/cm2 and 0.40 mA/cm2, 
respectively. The deviation is also possibly due to the inaccurate estimations of FCA 
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and contact absorption. The fitting can be improved by adopting other parameteri-
zations of FCA [153,154] and different reflection values of the metal contact 
regions [155,156]. This confirms that the presented geometrical model can be used for 
the optical simulation of SDE silicon surfaces with a RMSE range of 0.19 mA/cm2 to 
0.57 mA/cm2. Compared to the tilted-mirror model [89,142], this geometrical model 
extracts the regularity of the SDE surface structures. This simple approximation 
achieves good accuracy while reducing the computational complexity. 
3.5 Optical Loss Analysis 
Up to this point, the optical model can only simulate non-contacted optical samples. 
Optical features of the metal-silicon interface must be taken into account in order to 
analyse the current losses in an actual solar cell. Al-LBSF cells have rear local contacts 
of alloyed aluminium as well as a silver-based front metal grid consisting of fingers 
and busbars. The solar cells that were made in SERIS did not have rear silver busbars.  
All of these metal contacts have an impact on the photocurrent of the silicon solar cell. 
Firstly, the rear contacts have lower internal reflectance and show a higher level of 
scattering. In several publications, the aluminium-silicon interface in full-area Al-BSF 
solar cells was shown to have an internal reflectance of about 65% and a Lambertian 
scattering behaviour [88,90,131]. These characteristics were also used in this analysis. 
The area fraction covered by the local rear Al contacts (10% in this study) was used in 
the calculation. Diffuse light from reflection at the local contacts was accounted for by 
superposition of the analytical model by Gee [53] with this geometrical model. 
Secondly, the front metal fingers with an area fraction of 7% reduce the amount of light 
received by the solar cell by the same amount in a standard testing measurement. 
Accordingly, front surface metal shading was accounted for by scaling the received 
light at the front surface to 93% of its original intensity. On the other hand, the front 
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metal fingers assist light trapping in the long-wavelength range and consequently 
reduce the fraction of escaping light. The reflectance at the silicon-silver front interface 
can be treated in a similar way as the rear silicon-aluminium interface, with the only 
difference that a reflectance of 95% was assumed in this case. This high reflectance is 
justified because the additional optical absorption at this front interface can be lumped 
into the absorption at the rear surface.  
With all these considerations, optical losses in three types of Si wafer solar cells (i.e. a 
full-area Al-BSF solar cell with a rough rear surface and two Al-LBSF solar cells with 
different rear surfaces) were compared in Figure 3.11. The optical losses are expressed 
in the form of AM1.5G weighted photocurrents calculated using Equations (2.1) and 
(2.2) of Section 2.2. Three configurations of Si wafer solar cells are also illustrated in 
Figure 3.11. The rear surface of the full-area Al-BSF solar cell was assumed as a 
Lambertian reflector with a reflectance of 65%. For Al-LBSF solar cells, two cases 
were considered for the rear surface: a completely planar rear and a SDE rear with 
characterized parameters (fp = 0.25 and ωSDE = 22°).  
In the comparison of solar cells with different rear surfaces, Figure 3.11 shows that the 
Al-LBSF cell with a SDE rear generates more photocurrent (0.5 mA/cm2) than the cell 
with a completely planar rear. Similar result were observed in an experimental study 
by Glunz [117], which showed that solar cells with SDE rear have 0.2% absolute higher 
efficiency than those with a planar rear. In addition, Kray et al. [117] also showed that 
the Al-LBSF cell with pyramid-textured rear surface has 0.4 mA/cm2 higher 
photocurrent than the one with planar rear. Further simulation shows that the 
photocurrent can increase by about 0.1 mA/cm2 when the planar fraction fp is reduced 
to zero.  
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Figure 3.11: Breakdown of simulated optical losses in equivalent current (mA/cm2) for 
a full-area Al-BSF cell with a rough Al-alloyed rear, an Al-LBSF cell with a planar 
rear, and the actual Al-LBSF cell with a SDE rear. The schematics on the right illustrate 
the structures of the solar cells considered in the simulation. 
Besides the photogenerated currents, the various optical losses are also shown in a 
stacked bar chart in Figure 3.11. The most significant optical loss (~3.2 mA/cm2) is due 
to the 7% metal shading at the front surface. The metal shading loss can be reduced by 
narrower metal fingers via an advanced metallization technology. Moreover, as it will 
be seen later in Section 4.4 of Chapter 4, the effective shading of metal fingers is 
typically reduced to less than half in an encapsulated module because the reflected 
photons from metal fingers have another chance to be reflected back by the glass 
encapsulation. 
The parasitic absorption loss at the rear reflector can be reduced by improving the rear 
surface reflectance. Holman et al. [157] demonstrated a significant improvement of the 
rear surface reflectance by utilizing a better metal reflector (e.g. Ag) at the back and a 
lower refractive-index dielectric (e.g. MgF2) between Si and the metal, especially after 
forming the local metal contacts. In addition, the parasitic absorption in the local rear 
contact region can also be reduced by implementing smaller rear contacts. However, 
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further reduction of the contacted area may have challenges of forming good local 
Al-BSF regions and low-resistance contacts [158].  
The ARC reflection loss at the front surface of a solar cell is also reduced further in an 
encapsulated module due to light trapping of the reflected photons in the glass 
encapsulation [23,66]. However, additional front surface reflection comes from the 
air-glass interface [28]. Furthermore, the other optical losses, i.e. front surface escape 
loss, and FCA absorption, are very difficult to reduce further in the Al-LBSF 
architecture. 
3.6 Optimisation of Rear Surface Optics  
As already discussed earlier, the proposed geometrical model enables the optimisation 
of the rear surface optics, which is the main advantage over the empirical scattering 
model (e.g. Lambertian or Phong distribution. Here, the jph values are predicted for 
different planar fractions and different thicknesses of the rear passivation layer. The 
planar fraction fp is selected as an optimization parameter because it has been observed 
that the planar fraction changes with the etching time of the SDE process. The optical 
simulation was used to predict the amount of jph achievable by varying the planar 
fraction as shown in Figure 3.12. The predicted photocurrent jph of the Al-LBSF solar 
cell reduces from 38.8 mA/cm2 to 38.2 mA/cm2 when the planar fraction fp is varied 
from 0 to 1. Planar fraction fp = 0 indicates no planar area, whereas Planar fraction fp = 
1 indicates a completely planar surface The photocurrent can slightly increase by 
~0.1 mA/cm2 if the planar fraction fp is reduced to zero from fp = 0.25 as observed in 
the investigated Al-LBSF solar cell. However, more studies are required to investigate 
the feasibility of reducing planar fraction to zero. Practical optimisation should also 




Figure 3.12: Simulated photocurrent of the Al-LBSF solar cell for varying the planar 
fraction fp of the SDE texture structure. 
 
Figure 3.13: Simulated photocurrent of the Al-LBSF solar cell for varying the 
thicknesses of the capping layer (i.e. SiNx and SiO2) in the rear passivation stack. The 
thickness of the first AlOx layer in the rear passivation stack is remained unchanged as 
20 nm in the simulation.  
Another interesting parameter to optimize is the thickness of the passivation layer. In 
this simulation, the first AlOx layer in the passivation stack is kept unchanged as 20 nm 
but the thickness of the second SiNx layer, which is a capping layer in the passivation 
stack, is varied from 20 nm to 220 nm. The predicted photocurrent jph for varying SiNx 
layer thickness is shown in Figure 3.13. It shows that the photocurrent current with a 
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100 nm thick SiNx layer is only about 0.05 mA/cm2 less than the optimum SiNx 
thickness of 150 nm. In addition, as also shown in Figure 3.12, much more jph improve-
ment can be achieved by replacing the SiNx capping layer to SiO2 (with a refractive 
index around 1.5). With a stack of 20 nm thick AlOx and 200 nm thick SiO2 on the rear 
SDE surface, the photocurrent jph is predicted to be more than 39.1 mA/cm2 in an 
Al-LSBF solar cell with an increment of 0.4 mA/cm2. Although switching SiNx to SiO2 
as a capping layer is very favourable based on the simulation results, it is still uncertain 
whether SiO2 can experimentally withstand the rear metallization process (e.g. 
involving the contact with aluminium paste and a high temperature firing step). More 
investigations combining both experiments and simulations are needed to optimize the 
internal optics of the rear surfaces in LBSF solar cells.  
3.7 Chapter Summary  
In summary, a simple geometrical optical model was proposed to describe the alkaline 
SDE surface of monocrystalline silicon. This geometrical model simplifies the SDE 
surface as a planar square facet in the centre that is surrounded by four tilted facets. 
Compared to the tilted-mirror model [89,142], it reduces the complexity in the 
calculation. Two characteristic parameters of the model (planar fraction fp and charac-
teristic tilting angle ωSDE) were obtained from the angular reflectance distribution and 
the 3D height profiles of the SDE surface. From both measurements, it was confirmed 
that an SDE surface does not fulfil the assumptions of the commonly used Phong model 
(because the SDE surface reflects light into four distinct directions, in addition to the 
standard cone around the specularly reflected ray).  
Using the geometrical description in a path tracer, the spectral reflection of four 
different types of samples that contain SDE surfaces were simulated with 
experimentally obtained parameters. The simulated reflection and transmission spectra 
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were found to have RMSEs of the equivalent current density from 0.19 mA/cm2 to 
0.57 mA/cm2 compared with the measurements. Therefore, this geometrical model can 
be used in any optical simulation which involves a SDE surface, such as optimisation 
of the thickness of the rear dielectric.  
Moreover, this model was applied to the optical loss analysis of an Al-LBSF cell with 
SDE rear fabricated by SERIS. The photocurrent in the investigated Al-LBSF cell was 
simulated as 38.7 mA/cm2 as compared to 37.9 mA/cm2 in a full-area industrial-type 
Al-BSF solar cell. As expected, the photocurrent increase of 0.8 mA/cm2 comes from 
the reduction of the rear parasitic absorption. It was also found that an SDE rear surface 
provides a higher photocurrent (~0.5 mA/cm2) than a completely planar rear surface. 
This result suggests that a slight roughness of the rear surface of a Si solar cell is 
advantageous compared to a shiny rear surface, due to improved light trapping.  
Finally, the developed model was demonstrated to be able to predict the potential gain 
in photocurrent when the rear surface optics is further optimized. The optimization 
parameters considered were the planar fraction fp of the rear SDE surface and the 
thickness of the capping layer in the rear passivation stack. The smaller planar fraction 
showed better light trapping in Al-LBSF cells with SDE rear surfaces. However, the 
investigated Al-LBSF cell with a planar fraction fp = 0.25 is only 0.1 mA/cm2 less than 
the optimum case with a planar fraction of zero. On the other hand, the investigation of 
optimizing the thickness of the SiNx capping layer showed that the photocurrent can 
only increase by ~0.05 mA/cm2 through optimisation of the SiNx thickness. However, 
the photocurrent in the investigated Al-LBSF solar cells can possibly be increased by 




 Advanced Optical Loss Analysis of Si Wafer 
Based PV Modules: Characterisation of Lateral Light 
Harvesting from Inactive Areas* 
This chapter investigates the characterisation of the lateral light harvesting from 
inactive areas in Si wafer PV modules. As introduced in Chapter 2, a significant 
fraction of the incoming photons falls onto the inactive areas (e.g. metal fingers, inter-
connection ribbons, cell gap region, etc.) that do not directly generate PV power. 
Fortunately, some of these photons can still be harvested via optical scattering in the 
inactive areas and subsequent internal reflection at the glass-air interface, thereby 
contributing to the module’s output power. A luminescence imaging technique is 
proposed to quickly characterize the lateral light harvesting in PV modules. The 
proposed method is first used to extract the light harvesting ratios of two different 
backsheets (a white backsheet and a grooved scattering tape), and is then applied to the 
characterisation of the light harvesting ratio of metal fingers fabricated by screen and 
stencil printing. Furthermore, the contributions of the short-circuit current (ISC) increase 
due to the lateral harvesting are estimated for a typical 60-cell multi-Si PV module. 
4.1 Introduction 
Luminescence imaging, including electroluminescence (EL) and photoluminescence 
(PL), is a versatile technique for spatially resolved analysis of optical and electrical 
properties of solar cells and modules [159]. Most of the recent studies focused on the 
investigation of electrical properties, such as local diffusion lengths [160,161], local 
series and shunt resistances [162-165], micro-cracks [166,167], and disruption of metal 
                                                      
* The main results of this chapter have been published in: Z. Liu, I.M. Peters, V. Shanmugam, 
Y.S. Khoo, S. Guo, R. Stangl, A.G. Aberle and J. Wong, Solar Energy Materials and Solar Cells 
144, 523 (2016). 
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grids [168]. Characterisation of optical properties using EL and PL was mostly limited 
to a spectral analysis of light trapping structures [169,170]. In this chapter, lumines-
cence imaging is demonstrated as a method for spatially-resolved optical characteri-
sation of lateral harvesting of photons in inactive areas of PV modules made of 
crystalline Si wafer solar cells.  
In a Si wafer PV module, the active area is surface-passivated silicon where charge 
carriers are generated while the inactive area includes those regions that are shaded on 
the cell (e.g. metal fingers, ribbons), and the regions in the module that are not covered 
by a solar cell (e.g. backsheet, frame). Although in the inactive area no current is 
directly generated, photons impinging on this area are not necessarily lost. Some of 
these photons are scattered beyond the escape cone of the glass-air interface and are 
reflected by total internal reflection back onto the active area of the cells, where they 
contribute to the current generation (see Figure 4.1a). Accurate characterisation of the 
light harvesting contribution from the inactive area allows evaluating new designs and 
materials in PV modules.  
The common method to determine the light harvesting from the inactive area is to 
measure the difference between the total current and the active-area current. In order 
to measure the active-area current, extra preparation of a reference sample [39,171] or 
a well-defined aperture [59,68] is usually required. Alternatively, optical simulation 
was used to evaluate the light harvesting from the inactive area [14,62,67,172-174]. 
However, for accurate simulation, one has to determine the optical constants of 
encapsulation materials (e.g. glass, EVA etc.), and the reflection properties of the 
materials in the inactive area (e.g. backsheet, ribbons, metal fingers, etc.). To directly 
measure the spatially resolved light harvesting of PV modules, light beam induced 
current (LBIC) mapping or local external quantum efficiency (EQE) mapping was 
successfully applied in previous studies [14,57,58,62]. However, LBIC mapping or 
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local EQE mapping is time-consuming compared to its faster camera-based alternative: 
luminescence imaging. 
Relying on the reciprocity theorem as described by Rau [175], a method using 
luminescence imaging is demonstrated to quantify the percentage of the recovered 
photons from the inactive area relative to the active area, which is defined as the light 
harvesting ratio of the inactive area. First, the reciprocity theorem is reviewed in 
Section 4.2. From a theoretical point of view, the feasibility of extracting an EQE map 
and accessing the light harvesting ratio from a luminescence image is discussed in 
detail. Appendix A shows that the theorem can also be rigorously applied to the analysis 
of the inactive areas of a solar cells, or even for the analysis of a PV module (instead 
of focusing on the active areas of the cell only, as discussed in the paper of Rau [175]).  
In Sections 4.3 and 4.4, the method is applied to analysing the light harvesting from the 
backsheet and the scattering tape in the gap between the cells, as well as harvesting 
from metal fingers in the cell area, respectively. The necessary procedures are 
described in order to extract spatially resolved EQE data accurately from luminescence 
images of a PV module. To verify the analysis using luminescence, the light harvesting 
ratio of the backsheet is compared with the results from local EQE measurements, and 
the light harvesting ratio of the metal fingers is compared to the results of optical 
simulation. Furthermore, in Section 4.5, the potential short-circuit current (ISC) gain of 
a PV module is approximated by using the light harvesting ratios obtained from the 
previous analysis.  
4.2 Theory and method 
The optoelectronic reciprocity theorem of luminescence emission (𝜙hF) and external 
quantum efficiency (EQE) of solar cells has been established by Rau [175]. The details 
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of the reciprocity theorem were introduced in Section 2.4.6. The key equation of the 
theorem is Equation (2.7), which is repeated here: 
𝜙hF 𝐸, 𝐫 	= EQE 𝐸, 𝐫 𝜙pp 𝐸 	 exp 𝑉 𝐫𝑘𝑇/𝑞 − 1  (4.1) 
where 𝐸 is the photon energy, 𝐫 is the surface position vector, 𝜙pp is the black-body 
radiation, 𝑉(𝐫) is the local voltage across the junction due to excess carriers, and 𝑘𝑇/𝑞 
is the thermal voltage. Since 𝜙pp in Equation (4.1) does not depend on the position 𝐫, 
the lateral variation of 𝜙hF is a combined effect of the lateral variations of both local 
EQE and voltage. In order to use the reciprocity theorem to extract light harvesting 
from inactive areas in a PV module, it is very important to ascertain two issues:  
• The applicability of the reciprocity theorem in PV modules with inactive areas 
needs to be established; 
• The influence of local voltage variation in the luminescence images needs to be 
minimized (i.e. allowing the assumption of a negligible lateral voltage dependence). 
 Applying the Reciprocity Theorem to a PV Module  
Figure 4.1 illustrates the reciprocity relation of local EQE and luminescence-imaging 
measurements in a PV module as it is applied in this chapter. The local EQE is typically 
measured at light incidence normal to the device surface, as shown in Figure 4.1a. To 
ensure optical symmetry, the luminescence imaging setup has to capture only the 
emitted photons normal to the device surface as shown in Figure 4.1b. Two typical 
examples of photon interaction with the backsheet and the metal finger are shown by 
indicating the optical paths.  
In the EQE measurement, incident photons impinging on the backsheet or the metal 
finger are scattered and partially reflected back to the solar cell at the glass/air interface, 
thus generating current. In the reciprocal process, i.e. luminescence imaging, photons 
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emitted by the solar cell follow the reverse paths, namely being reflected by glass/air 
interface, interacting with the backsheet or the metal finger and finally being detected 
by the camera. 
 
Figure 4.1: Schematic illustration of the reciprocity relation of (a) external quantum 
efficiency (EQE) measurement and (b) luminescence imaging of a Si wafer based PV 
module. The solid lines with arrows marked as 1 and 2 indicate the paths of the incident 
photons that are harvested by the cell as well as the reverse paths of the emitted photons 
that are detected by the camera. Path 1 shows light harvesting from the backsheet area. 
Path 2 shows light harvesting from a metal finger. 
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The optical paths taken by the incident photons or the emitted photons may become 
quite complicated when scattering materials are present along the optical paths. How-
ever, the probability of a photon proceeding from point A at the module surface to point 
B at the active area of the cell is the same as the probability of the reverse path (from 
point B to point A) [175-177].  
The reciprocity relation, therefore, allows us to determine the number of photons 
harvested from a specific inactive area of the PV module using luminescence imaging. 
By equating the ratio of the luminescence signal from the inactive area to the active 
area in a luminescence image, light harvesting enhancement due to optical scattering 
at the inactive areas is quantitatively assessable under the condition of a negligible 
lateral voltage variation. Therefore, it is important to minimize the influence of voltage 
variations.  
 Minimizing the Influence of Voltage Variations  
Following [162,178], a solar cell can be assumed as a 2D network of parallel nodes 
consisting of a diode and a resistance at each position. The local voltage variations 𝑉 𝐫  is mainly caused by the series resistance, and thereby can be expressed by: 𝑉 𝐫 = 𝑉 − 𝐼 𝐫 𝑅N(𝐫) (4.2) 
where 𝑉 is the terminal voltage bias applied to the metal contacts, 𝐼 𝐫  and 𝑅N(𝐫) are 
the current and the series resistance at the position	𝐫.  
Two effective ways to reduce the voltage variation are 1) applying low electrical bias 
in EL imaging or 2) applying a forward bias in PL imaging (abbreviated as biased PL). 
First, applying a low bias in EL imaging is a common technique to obtain uniform 
luminescence images [178,179] with the negligible influence of lateral series resistance. 
In order to demonstrate the resistance effect, EL images of solar cells are measured 
under different forward bias conditions. Figure 4.2 compares the forward-biased EL 
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profiles of a solar cell with 2 A and 15 A current injection. Under forward bias, the 
excess carriers are injected at the position of metal contacts and flow towards the area 
between the contacts. Therefore, the voltage close to the metal contacts is higher than 
that in between metal contacts due to lateral resistance. Under low current injection, 
the voltage drop due to resistance becomes insignificant (according to Ohm’s law), and 
consequently, a relatively flat luminescence profile is obtained for the area between 
metal contacts under 2 A current injection as in Figure 4.2. The low-biased EL method 
is used to analyse light harvesting from the inactive area of cell surroundings (e.g. 
backsheet) in Section 4.3.  
 
Figure 4.2: Comparison of the electroluminescence (EL) profiles between two metal 
fingers of a solar cell under forward-bias of 15 A (red) and 2 A (blue) current injection.  
Measuring EL images under the low-bias condition also means relatively low 
luminescence intensity, and sometimes results in noisy images. Biased PL imaging is 
an alternative method of producing uniform voltage, but with high luminescence signal. 
In a biased PL measurement, luminescence images are taken under simultaneous 
electrical and light bias, which effectively combines EL and PL. As an example, 
Figure 4.3 shows the measured luminescence profiles of a solar cell for an EL, a PL, 
and a biased PL measurement.  
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Figure 4.3: Comparison of the luminescence signal profiles between two metal fingers 
of a solar cell under electroluminescence (EL), photoluminescence (PL) and biased PL 
measurements. 
As discussed earlier, in an EL measurement, the excess carriers flow from the contact 
to the passivated Si between the contacts and therefore, the EL signal in Figure 4.3 is 
highest close to the contact and becomes smaller away from contacts. In contrary, in a 
PL measurement, the excess carriers are generated between the metal fingers by 
absorption of the incident light. Since very few photons are absorbed underneath the 
metal fingers, the excess carrier generation there is negligible. In this case, the excess 
carriers flow from the region between the contacts to the contacts, and therefore, the 
PL profile is highest in between fingers and lowest at the metal contacts as seen in 
Figure 4.3. In a biased PL measurement, the lateral gradient of the excess carriers due 
to the electrical and optical injections balance each other. A net lateral current close to 
zero (or very small) can be obtained. As a result, the luminescence emission profile of 
the biased PL in Figure 4.3 is laterally uniform between the metal fingers. The biased 
PL method is applied to analyse the photon harvesting from the shading areas on the 
solar cell (e.g. metal fingers) in Section 4.4. For an optimisation of the signal, one 
should vary the illumination intensity and the injection current to obtain a sufficiently 
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flat profile at the regions between the metal fingers. When the voltage variation is mini-
mized, the luminescence signal dips, which are observed in the region of the metal 
fingers in the luminescence images, can be assumed to result from the shading of the 
metal fingers only.  
4.3 EL Analysis of Light Harvesting from Backsheets 
A PV module using a white backsheet can harvest more photons than one using a black 
backsheet or no backsheet, because of enhanced light trapping. Luminescence imaging 
is used to quantify the light harvesting ratio at the backsheet area near the cell edge. 
Two multi-Si solar cells were fabricated into glass-backsheet single-cell mini-modules 
by J. Wong and Y.S. Khoo in SERIS. One of the mini-modules used only a white back-
sheet, while the other used an additional scattering tape at the surroundings of the cell 
(see Figure 4.4). The white backsheet is a near-Lambertian matt surface, which scatters 
light almost isotropically. The green halo in Figure 4.4a shows the scattering behaviour 
of the white backsheet. The scattering tape has a grooved texture on its surface. This 
texture reflects light into oblique angles towards two sides and causes total reflection 
at the front glass-air interface within a PV module. This effect is visible as two 
secondary green spots in Figure 4.4(b). 
EL images under an electrical forward bias were taken for monitoring the corner areas 
of the mini-modules as shown in Figure 4.4(c) and Figure 4.4(d). The luminescence 
imaging system (BT Imaging, Australia, model LIS-R2) was equipped with a Si CCD 
camera with an image size of 1024 by 1024 pixels. Each pixel was mapped to a region 
at the object plane of approximately 170 µm × 170 µm. A small forward bias was 
applied to obtain a mini-module current of 1 A. As mention in Section 4.2.2, it is 
important to minimize the spatial impact of voltage variation on the EL images in order 
to spatially resolve EQE. In addition, the average EL signal was analysed over a 
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relatively large area, which further reduces the impact of the measurement noise and 
the voltage variations. 
 
Figure 4.4: Top-view pictures of the glass-backsheet mini-modules (a) with a white 
backsheet only and (b) with an additional scattering tape at the cell surrounding. The 
cross-sectional illustration of photon harvesting due to: (c) diffuse scattering at the 
backsheet and (d) directional reflection at the scattering tape. The electroluminescence 
images of the corresponding mini-modules are shown (e) and (f) respectively. The 
green light beams labelled “incident beam” in (a) and (b) are used to show the light 
scattering characteristics of the white backsheet and the scattering tape. The halo 
around the incident beam in (a) is caused by scattering and total internal reflection, the 
dark area marking the escape cone. The secondary spots in (b) are caused by reflections 
at the texture and total internal reflection. 
The luminescence images taken by the Si CCD camera have lateral smearing 
phenomena [105-107], which can result in significant errors for quantitative analysis 
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using the images. As introduced in Section 2.4.7, the smeared image can be corrected 
by applying an image deconvolution procedure. Richardson-Lucy (RL) algorithm with 
Total Variation (TV) regularization [111-113], as described in [105-107], was adopted. 
The freeware image processing tool ImageJ [114] with a plugin software 
Deconvolution Lab [115] was used. The two deconvolution parameters, namely 
regularization factor kreg and the number of iterations N, were varied to produce the 
sharpest image with the least distortion in the deconvoluted images. Finally, Niter = 1 
was selected with kreg equal to 0.001. 
The light harvesting ratio at the backsheet near the cell edges was extracted from the 
line scan of the deconvoluted EL images. The luminescence signal was normalized 
towards the average signal level at the cell region. To verify the light harvesting 
extracted from the EL images, a spatially resolved spectral response system (Bentham, 
UK, model PVE300-IVT) was used to measure local EQE near the cell edge in the 
modules. The probing beam of the spectral response system has a rectangular shape of 
less than 1 mm × 10 mm at the sample plane, which is labelled as “incident beam” in 
Figure 4.4. 
In order to validate our proposed methodology (evaluating light harvesting from the 
backsheet using EL imaging), the EL signals (from the raw images as well as from the 
deconvoluted images) were compared in Figure 4.5 with an additionally measured local 
EQE scan across the cell edge areas. All EL and EQE data are respectively normalized 




Figure 4.5: Line scan of the electroluminescence (EL) signal and local external 
quantum efficiency (EQE) near the cell edge of (a) a standard glass-backsheet mini-
module, and (b) a glass-backsheet mini-module with an additional scattering tape near 
the cell edge. Both EL and EQE data were normalized by the respective signals of the 
cell area. The EQE line scans were shown for the wavelengths of 400, 600, 800 and 
1000 nm. 
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A first observation is that the normalized (deconvoluted) EL data and EQE data match 
well. Furthermore, from Figure 4.5, the deconvolution process effectively corrected the 
imaging error due to the lateral signal spread in the Si CCD camera. The deconvoluted 
EL data is much closer to the data of the local EQE scan while the raw EL data 
overestimates the light harvesting from the white backsheet or the scattering tape, 
especially at the cell edge or the edge of the scattering tape. However, it has also been 
shown in [105-107] that the signal spreading can be largely reduced by restricting the 
detected spectrum to shorter wavelength range. Using a short pass filter in the lumines-
cence imaging measurement may further improve the accuracy in future studies. 
Additionally, for the mini-module with a white backsheet, Figure 4.5(a) shows that 
more than 20% of the photons impinging on the backsheet near the cell edges are 
harvested. Similar results were also found by McIntosh et al. [14] using ray-tracing 
simulations. For the mini-module with the scattering tape, it can be seen that ~45% of 
the photons impinging on the scattering tape can be harvested. The scattering tape has 
the potential to be used in high-efficiency solar modules, as it is capable of harvesting 
more than twice the amount of photons compared to the white backsheet. Moreover, it 
should be noted that the light harvesting ratios using either the white backsheet or the 
scattering tape would be doubled in a full-size module because photons scattered 
towards both sides are harvested by two neighbouring cells in a symmetric 
configuration. To observe the wavelength dependent scattering behaviour of the back-
sheet and the scattering tape, the EQE data in Figure 4.5 are shown for several wave-
lengths (i.e. using monochromatic light with a wavelength of 400, 600, 800 and 
1000 nm for the EQE detection). As luminescence of Si occurs in the NIR range 
between 1050 and 1250 nm, strictly speaking, the light harvesting ratio obtained from 
luminescence imaging is only valid for the same NIR range. The wavelength dependent 
EQE data in Figure 4.5 proves that indeed the scattering behaviour of the materials 
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involved does change slightly for smaller wavelengths (compared to the NIR lumines-
cence emission range). The largest discrepancy occurs at a wavelength of 400 nm, 
where there is about 5% mismatch between the deconvoluted EL data and the QE data. 
An even larger discrepancy can be expected for other materials, which show a stronger 
wavelength-dependent scattering behaviour. One more detail is worth noticing: there 
is an overshoot of the measured EQE data at the edge of the cell, which is not captured 
by the EL data (see Figure 4.5). This overshoot is because there is no metal shading in 
the region from 0 to 2 mm in Figure 4.5. In the region from 2 mm onwards, the beam 
of the local EQE measurement (which is still moderately large as shown in Figure 4.4) 
covered an area including several metal fingers. The higher EQE is caused by less 
shading the normalized EQE line scan. However, the corresponding effect is not 
observed in the EL data. Local EL emission is a combined effect of both local EQE 
and local cell voltage, as in Equation 1. Since there is no metal grid in the specified 
region, a huge voltage drop due to the lateral resistance causes the discrepancy between 
EL and EQE data. 
4.4 Biased PL Analysis of Light Harvesting from Metal Fingers  
The light harvesting from metal fingers with a curved shape effectively reduces the 
optical loss due to shading. To quantify the optical shading loss, the effective width is 
defined as the equivalent shading width of a flat finger that shows no light harvesting. 
For a metal finger, the geometrical width is the average width of the metal covered area. 
The effective width of a metal finger is usually smaller than its geometrical width. Even 
before encapsulation, photons impinged on the metal fingers may partially be reflected 
towards the active area at the cell level. After encapsulation, photons scattered from 
the metal fingers have a second chance to be harvested because total internal reflection 
at the glass-air interface redirects some photons back towards the solar cells. Thus, the 
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total internal reflection of the glass-air interface reduces the shading loss of metal 
fingers at the module level. The effective width of metal fingers is a useful parameter 
in the optimisation of the design of the metal finger.  
Mono-Si solar cells with screen and stencil printed fingers were prepared with the same 
mask opening width of 60 µm. Note that, during firing, the deposited silver paste 
spreads towards both sides and results in slightly wider fingers than the opening widths. 
The surface morphologies of the metal fingers are shown in the 3D microscope images 
in Figure 4.6.  
 
Figure 4.6: 3D-view and plan-view microscope images of the screen- and stencil-
printed silver fingers. The average width and height are marked for each type of printed 
fingers. 
It can be seen that screen and stencil printing processes result in very different surface 
morphologies. These solar cells were prepared by V. Shanmugam from SERIS. The 
details about the fabrication process and the cell parameters can be found in Ref. [38]. 
One of each type of the cells was encapsulated into a single-cell mini-module.  
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The same luminescence imaging system was used as described in the study of the 
backsheet. However, a high magnification lens was installed above the PV module, in 
order to enlarge the image of the fingers, which are less than 100 µm wide. Each pixel 
was mapped to a region at the object plane of an approximately 26 µm by 26 µm square 
area. Since the projected area per pixel is reduced, each pixel receives fewer photons 
compared to the previous study. Using the same small electrical bias with 1 A current 
injection, the signal level and the signal-noise-ratio would be too low for proper 
detection. Therefore, a small electrical bias could not be applied to achieve a minimum 
variation of local voltages. As introduced in Section 4.2.2, the luminescence images of 
metal fingers were taken under simultaneous light illumination and electrical bias in a 
single measurement, i.e. biased PL [180]. A forward electrical bias corresponding to a 
current injection of 12 A was applied together with a light illumination of 2 suns. The 
exposure time was 30 s. However, it should be noted that the optimum measurement 
settings would be different for different cells and different luminescence imaging 
systems.  
The disadvantage of a PL measurement is that the images may capture PL signals from 
the materials other than Si (e.g. encapsulant, metal paste, etc.). To eliminate this artefact, 
the PL images were measured with 2-sun illumination under a reverse bias of -2 V and 
subtracted the reverse-biased PL images from the forward-biased PL images. Figure 
4.7 shows the examples of the forward-biased, reverse-biased and subtracted images of 
the metal fingers in a cell and in a module. Since the majority of the photogenerated 
excess carriers is extracted out of the solar cell under reverse bias, the PL signal 
contributed by Si is very small, as seen in Figure 4.7(c). The reverse-biased PL images 
of the solar module show the PL signal from other materials than Si (e.g. Figure 4.7d). 
The reverse-biased PL signal was 1-2% for the Si solar cells and 5-10% for the 
encapsulated modules relative to the signal of forward-biased PL images. Since 
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everything was kept the same except for the bias polarity, the subtraction of the 
forward- and reverse-biased images eliminated the PL signal from the other materials.  
 
Figure 4.7: The examples of the forward-biased, reverse-biased and subtracted PL 
images of the screen-printed metal fingers in a solar cell and a module.  
After the forward-biased PL images were subtracted by the reverse-biased images, the 
same deconvolution process as introduced in Section 2.4.7 was applied again for these 
images with high magnification lens. For these high-magnification images, kreg = 0.001 
and Niter = 10 were chosen for the optimum deconvolution of the biased PL images. 
The luminescence signal of the deconvoluted images was then normalized by the signal 
level at the active area between the metal fingers. A line scan of luminescence signal 
perpendicular to the metal fingers was used to extract the effective optical width of the 
fingers. The effective width of a metal finger was obtained from integrating the inverse 
peak of Figure 4.8, as follows: 
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𝑤h~~ = 1 − 𝜙hF 𝑥 ∙ ∆𝑥yyy  (4.3) 
where 𝜙hF 𝑥  is the normalized luminescence signal, ∆𝑥 is the distance between two 
adjacent pixels, 𝑥  and 𝑥P  are the left edge and the right edge of the inverse peak 
respectively. The edge position 𝑥 or 𝑥P is the nearest position on the left or right side 
of the dip reaching the average intensity of the flat regions. The effective width of the 
metal fingers was obtained before and after encapsulation according to Equation (4.3). 
The effective width ratios of the metal fingers were calculated by taking the ratio of the 
effective width at module level over the effective width at cell level.  
 
Figure 4.8: The examples of luminescence signal dips at the position of the screen-
printed metal fingers of a PV module. The different curves are obtained from the 
forward-biased PL image, the reverse-biased PL image, the subtracted image of the 
forward-biased and the reverse-biased PL image, and the deconvoluted image of the 
subtracted one. One pixel represents a 26 µm-by-26 µm square on the module surface. 
The shade rectangle marks the left and right edges of the signal, which are used in 
Equation (4.3). 
In order to validate our proposed methodology evaluating light harvesting from the 
metal fingers using biased PL imaging, a simplified ray tracing simulation was con-
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ducted. The 3D surface profiles of the metal fingers measured by the confocal micros-
cope in SERIS (Zeta Instruments model ZETA-200, USA) were used as the inputs for 
the simulation. The surface profiles were measured with a lateral resolution of 360 nm 
and a vertical resolution of 17 nm. The following assumptions were made in the 
simulation:  
1) photons are reflected specularly at the micro-planes formed by three adjacent 
points from the height profiles;  
2) the reflectance at each micro-plane is 88%, which corresponds to the in-house 
measured reflectance of the silver paste at a wavelength of around 1100 nm;  
3) photons reflected downwards at the metal fingers are harvested by the solar 
cell at the cell level;  
4) photons reflected upwards at the metal fingers with an angle greater than the 
critical angle of the front glass-air interface (~42°) is totally internally reflected 
and harvested by the solar cell at the module level;  
5) photons reflected upwards at the metal fingers with an angle smaller than the 
critical angle of the glass-air interface (~42°) is partially reflected back 
according to the Fresnel equations by the front glass (~5%) and harvested by 
the solar cells; and 
6) multiple reflections at the metal finger are ignored. 
Figure 4.9 shows the effective widths of the metal fingers extracted from the 
luminescence images as well as the optical simulations at both cell and module levels. 
At the cell level, the effective widths of both stencil- and screen-printed fingers are 
already much smaller than the geometrical widths. At the module level, the effective 
widths of the metal fingers are reduced even further from the effective widths at the 
cell level. The effective widths extracted from the luminescence images and the optical 
simulations are close to each other.  
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The light harvesting ratio at the metal fingers is shown in Figure 4.10, which was 
calculated by 100% - (weff/wgeo), where weff is the effective width and wgeo is the 
geometrical width. The average geometrical widths of the screen- and stencil-printed 
fingers were extracted directly by confocal microscope measurements, which is also 
shown in Figure 4.9 (blue, dashed line). For the photons impinging on the screen and 
stencil printed metal fingers, 20% to 30% are harvested before the encapsulation and 
more than 60% are harvested after the encapsulation. Depending on the surface 
morphologies of the metal fingers, previous studies have also shown that the light 
harvesting ratio is varied roughly in the range of 0% to 35% for solar cells and 50% to 
70% for PV modules [39,68,172,173].  
However, as mentioned in the previous study of the backsheet in Section 4.3, the light 
harvesting ratio obtained from the luminescence imaging is only valid for the long-
wavelength range where silicon luminescence occurs (1050 – 1250 nm). It has been 
found that the reflectance of the silver paste drops significantly at shorter wavelengths, 
based on our in-house reflection measurements. For example, the reflectance values of 
the silver paste are 66% at 400 nm, 78% at 600 nm, and 84% at 800 nm. The 
wavelength-dependent reflectance indicates that the efficiency of light harvesting at the 
metal finger is overestimated for shorter wavelengths. A biased PL analysis thus over-
estimates light harvesting for the silver paste and, correspondingly, underestimates the 
effective finger width. A simple way to correct the light harvesting ratio in Figure 4.10 
is to calculate a scaling factor, using the measured AM1.5G weighted average 
reflectance (WAR) of the silver paste. The WAR of the silver paste is 81% over the 
wavelength range from 300 nm to 1200 nm in this study. Since the reflectance of the 
silver paste is ~88% at the wavelength range of luminescence signal, the scaling factor 
of the light harvesting ratio is 0.92. The corrected light harvesting ratios of the screen-
printed fingers are 26% at cell level and 60% at module level, while the corrected light 
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harvesting ratios of the stencil-printed fingers are 22% for solar cells and 57% for PV 
modules.  
 
Figure 4.9: Effective widths of the screen- and stencil-printed fingers (measured at cell 
and module level) extracted from the biased PL images as well as the simulation of 
light harvesting using the 3D surface data. The solid boxes represent the effective 
widths of the cells and the open boxes represent the effective widths of the modules. 
The blue, dashed line indicates the geometrical width measured by the optical confocal 
microscope. The average effective width and the standard deviation are marked for 
each effective width based on data collected from more than 20 metal fingers. 
  
Figure 4.10: Light harvesting ratios for the screen- and stencil-printed metal fingers, 
investigated at both the cell and module level, extracted from biased PL images, and 
further scaled by the WAR correction factor (~0.92). The dashed lines indicate the 
harvesting efficiencies before the correction of the WAR of silver paste. 
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4.5 ISC Gains in a Multi-Si PV Module 
The extracted light harvesting ratios can be used to predict the optical gain of a PV 
module from the inactive area. In this section, the optical gains are estimated for an 
industrial 60-cell PV module made of 156 mm by 156 mm multi-Si wafer solar cells. 
Table 4.1 summarizes the specifications of different components in the PV module and 
the corresponding enhancements of the effective active area due to lateral light harvest-
ing. The PV module was assumed to have the dimension of 1650 mm long and 991 mm 
wide. The assumptions in our simulation were:  
1) the active area of the module generates an average current density of 33.9 
mA/cm2 as shown in Ref. [28];  
2) the metal grids on the front surface of the cell consist of interconnecting 
ribbons (3% of the cell area) and metal fingers (4% of the cell area);  
3) the cell gap is 3 mm wide, which is covered by either the white backsheet or 
the scattering tape.  
In such a module, the total module area (~1.64 m2) is divided into 83% active area, 9.2% 
backsheet area (5.6% for the border and 3.5% for the gaps in between cells), 3.6% 
metal fingers, 2.7% ribbons and 1.6% frame. The light harvesting ratios of the different 
components, which is the percentage of the recovered photons from these materials, 
were assumed to be as the same as than previously measured values. Regarding the 
metal fingers, 60%, of the photons impinging on the metal fingers were assumed to be 
recovered, which corresponds to the corrected harvesting efficiency values considering 
the WAR of the silver paste (described in Section 4.4). Regarding the white backsheet 
and the scattering tape in the cell gap areas, the light harvesting ratios were assumed as 
40% and 90% respectively, which is twice the previously extracted values in Section 
4.3 because of the symmetric arrangement of the cells. In addition, the light harvesting 
ratio of the interconnecting ribbons from the EL images were also extracted, and a 
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value of 7% was found. Based on these light harvesting ratios of the inactive areas, the 
Isc increase is quantified, as well as the increase in the effective active area of the PV 
module, which is defined as a percentage of the total module area. One thing to be 
noted that the border area was assumed not to contribute to the ISC enhancement in this 
preliminary analysis. It is because the ISC of the PV module is limited by the solar cell 
with the lowest current generation due to series connection of the 60 solar cells. 
Therefore, the additional harvested photons in the solar cells near the border area are 
not able to increase the ISC of the PV module eventually. 
Table 4.1: the summary of the components in a 60-cell PV module and their corresponding 
actual areas, light harvesting ratios, short-circuit current (ISC) contributions, and effective 














active cell 83 100 (reference) 7.67 83 
metal finger 3.6 60 0.21 2.0 
ribbon 2.7 7 0.02 0.2 
cell gap  
(white backsheet/ 
scattering tape) 
3.5 40/90 0.13/0.29 1.4/3.2 
border 5.6 0 0 0 
frame 1.6 0 0 0 
sum 100 - 8.03/8.19 86.6/88.4 
Note: The PV module with the area of 1.64 m2 was assumed. 
 
Figure 4.11 shows the light harvesting contributions from the different components in 
terms of the increase in the effective active area and increase in the short-circuit current 
(ISC). In addition to the actual (i.e. geometrical) active area (83% of the total module 
area, that generates the ISC of 7.67 A), light harvesting from the metal fingers increases 
the effective active area by 2.0% of the total area, corresponding to an increase in ISC 
by 0.21 A. If the white backsheet is used to cover the gap between the cells, the 
effective active area will be increased by 1.4% of the total area, corresponding to an ISC 
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increase of 0.13 A. If the scattering tape is used instead, the effective active area will 
be increased by 3.2%, corresponding to short-circuit current increase of 0.29 A.  
 
Figure 4.11: The breakdown of the increase in the effective active area and short-circuit 
current, attributed to light harvesting from the metal finger, the interconnecting ribbon, 
the backsheet and the scattering tape respectively. 
4.6 Chapter Summary 
A fast and easy-to-apply method using luminescence imaging was introduced and used 
to evaluate the light harvesting ratio of electrically inactive areas in a PV module. The 
presented luminescence imaging method has the following advantages over other 
methods: 1) no additional preparation of samples is needed; 2) the total time of 
acquiring and analysing an image is usually less than one minute; 3) the analysis can 
be done over a large area with good accuracy. However, the proposed method to extract 
the light harvesting ratio from luminescence imaging is limited to the spectral range of 
the silicon luminescence spectrum (1050 - 1250 nm). An analysis for the full spectrum 
impact needs to be carefully adjusted if the investigated material has strongly 
wavelength-dependent properties.  
The method was used to characterize the light harvesting ratio from the module 
backsheet area between neighbouring solar cells. Two different backsheets were used: 
a standard white scattering backsheet and a special scattering tape with a grooved 
103 
texture. The light harvesting ratio of the white backsheet in our fabricated 1-cell PV 
mini-module was found to be ~20% (within a 5 mm wide region along the solar cell 
edge). The scattering tape showed a light harvesting ratio of ~45% (uniformly over the 
entire area). Both results match well with local EQE measurements.  
The method was also applied to assess the light harvesting ratio of metal fingers before 
and after cell encapsulation. Metal fingers printed with two different methods (screen 
and stencil printing) were analysed. On the cell level, 20% to 30% of the photons that 
impinge on the metal fingers are reflected onto the cell and harvested. In a module (i.e. 
after cell encapsulation), this number increased to ~60% due to light trapping in the 
cover glass. These results were confirmed by optical ray-tracing simulations, using the 
measured surface morphologies of the metal fingers as input. They also agree well with 
previous reports in the literature. Using these values, the increase in effective active 
area and the increase in short-circuit current of a PV module were calculated, which 
can be attributed to its metal fingers and its backsheet used.  
In addition to analysing light harvesting from backsheets and metal fingers as shown 
in this chapter, the proposed method can be adopted to characterize all relevant 
materials in PV modules (i.e. ribbons, backsheet, fingers, etc.). Thus, the improvement 
of the power output of PV modules due to these optical scattering materials can be 
quickly evaluated using the luminescence imaging analysis. These measurements have 
been integrated into a characterisation service tool called the “Module Doctor”, which 
SERIS is offering to industrial clients interested in performing an optical loss analysis 






 Advanced Optical Loss Analysis of Thin-film 
on Si Tandem Solar Cells: Optimisation of Short-Circuit 
Current Density* 
This chapter develops the framework for optical loss analysis and optimisation of thin-
film on Si tandem solar cells. An optical analytical model is proposed for thin-film on 
Si tandem solar cells, which consist of a high-bandgap thin-film top cell and an 
industrial-type Si bottom cells. Similar to Chapters 3 and 4, an optical loss breakdown 
is presented for a four-terminal (4T) prototype of a GaAs on Si tandem cell. In addition 
to the loss breakdown, the model is used to predict the potential gains of short-circuit 
current density (jSC) when eliminating any specific loss channel. The magnitude of the 
specific jSC gains provide the guidelines on prioritizing the further optimisation steps 
to achieve an effective improvement. This is demonstrated for two different optimi-
sation scenarios. In the first case, the analysis framework is used to provide the best 
optimisation with respect to the theoretical situation where there are no losses at all. In 
the second case, the analysis framework is applied to compare the current 4T GaAs/Si 
tandem cell under investigation to the best-in-class 4T InGaP/Si tandem solar cell and 
evaluate the practically achievable gains in the further optimisation.  
5.1 Introduction 
Flat-plate tandem solar cells, which combine a high-bandgap thin-film solar cell on top 
of an industrial-type Si wafer solar cell, have become an emerging research topic. As 
described in Section 2.1.3, the concept of Si wafer based tandem solar cells (e.g. III-V 
or perovskite on Si tandems) leverages the current development of both thin-film and 
                                                      
* The main results of this chapter have been described in the journal paper manuscript: Z. Liu, 
Z. Ren, H. Liu, N. Sahraei, F. Lin, R. Stangl, A.G. Aberle, T. Buonassisi and I.M. Peters, IEEE 
Journal Photovoltaics, submitted, 2016. 
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Si solar cells, providing an effective path towards high 1-Sun PV efficiency beyond 
30% [70-80].  
Thin-film on Si tandem solar cells are still at the early research stage. In order to 
accelerate the research, loss analysis should be used to quantify the losses of the short-
circuit current density (jSC) in the prototypes of thin-film on Si tandem solar cells. In 
addition, as the structure of a tandem solar cell is more complex (than a single-junction 
solar cell) and photons can be utilised in different sub-cells, the optimisation procedure 
becomes more complex. Thus, it is crucial to not only quantify the possible jSC losses 
but also specify the order of importance of these various jSC losses when one aims to 
reduce them. However, as discussed in Section 2.1, a proper optical model is currently 
not yet available in the literature for a comprehensive loss analysis and optimisation of 
thin-film on Si tandem solar cells. 
In this chapter, a framework that quantifies the short-circuit current density (jSC) losses 
and determines the optimisation procedure is presented for a stacked tandem solar cell. 
First, an analytical optical model is introduced to quantify the photon losses in different 
layers of stacked tandem solar cells. The optical model in this study is designed for 
tandem cells that consist of a planar thin-film solar cell and an industrially textured Si 
wafer solar cell. Second, jSC losses are quantified for an 21.3% efficient GaAs/Si 
tandem solar cell using a combination of experimental and modelling input data. Third, 
the loss redistribution matrix is presented to show the redistribution of the recovered 
photocurrent into the other loss channels and visualise the interrelation between the 
different channels. Additionally, the expected jSC gain is simulated for each single-
parameter improvement as introduced in Brendel et al. [182]. Consequently, in order 
to provide guidelines to prioritise the efforts for optimisation, the analysis framework 
is applied to determine the best sequence for optimising the jSC of the tandem solar cell. 
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5.2 Materials and Methods 
5.1.1 Structure of the Investigated 4T GaAs/Si Tandem Solar Cell 
The structure of the GaAs/Si tandem solar cell used in this study is illustrated in Figure 
5.1. Details of the device fabrication can be found in [80]. The tandem solar cell was 
fabricated by Z. Ren and N. Sahraei in SMART. The four-terminal efficiency of this 
tandem solar cell (measured in SERIS with an aperture area of 1.32 cm2) is 21.3% ± 1%, 
which is the sum of a 19.8% efficiency contribution from the top GaAs cell and a 1.5% 
efficiency contribution from the Si bottom solar cell.  
 
Figure 5.1: Schematic of mechanically stacked four-terminal GaAs/Si tandem solar cell 
under investigation (not in scale). 
The MOCVD-grown GaAs solar cell has an approximately 3 µm thick GaAs absorber 
layer with a 25 nm thick InGaP window layer at the front and a 30 nm thick InGaP 
back surface field (BSF) layer at the rear. The bottom solar cell is an industrial-type 
multi-Si wafer solar cell with an isotextured front surface and an aluminium back-
surface field (Al-BSF). The thickness of the Si wafer solar cell is about 200 µm. The 
metallisation fractions are ~13% for both the front and rear surfaces of the GaAs cell 
and ~6% for the front surface of the Si cell. The PECVD SiNx films were deposited as 
antireflection coatings (ARC) and the thicknesses are 75 nm at the front surface of the 
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GaAs cell, 110 nm at the rear surface of the GaAs cell, and 120 nm at the front surface 
of the Si cell.  
5.1.2 Analytical Optical Model for Thin-Film on Si Tandem Solar Cells 
Figure 5.2 is a schematic sketch of the optical model for a double-junction tandem solar 
cell. This optical model resembles the analytical model from Basore [90] and is 
extended by adding planar layers on top of the Si solar cell. The extension includes the 
addition of the absorption in these top layers. This section gives the details on the 
derivation and parameterization of this model.  
 
Figure 5.2: Schematic illustration of the analytical optical model for tandem solar cells. 
The variable notation follows Basore’s convention in [90]. The index “T” represents 
“tandem” to differentiate the parameters from the ones in the original model.  
The process of light interaction with the tandem solar cell is as follows: light incident 
onto the tandem solar cell is partly reflected with reflectance Rfe,T and partially absorbed 
(Afe,T) by the top cell. After interacting with the top cell and the air-silicon interface, 
some near-infrared photons are transmitted into the Si solar cell and refracted by the 
textured surface. The refracted photon flux evolves with transmittance T1,T towards the 
rear surface of the Si cell where it is reflected with reflectance Rb1,T. The reflected light 
continues to pass through the cell with transmission T2,T back to the front surface of the 
Si cell. If the rear surface is polished, the transmittance T2,T along the return path will 
be exactly the same as T1,T. If the rear surface is rough, the reflected rays are either 
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partially randomised or completely randomised. Some of this light is again reflected 
back with reflectance Rf1,T at the internal front surface of the silicon cell, while the rest 
either is absorbed in the top layers (with the absorptance of Af1,T) or escapes through 
the front surface (thereby contributing to the total reflectance). From this point onwards, 
the travel paths of the light rays that are trapped inside the Si cell are assumed 
completely randomised. This assumption is usually fulfilled for industrial-type Si wafer 
solar cells, as the textured surfaces efficiently randomise the photons within the first 
few scattering events [48,50]. The randomised photons continue to bounce back and 
forth inside the Si cell. The parameters Tn,T, Rbn,T, Rfn,T and Afn,T are respectively the Si 
transmittance, the Si rear reflectance, the internal Si reflectance and the top-layer 
absorption of the completely randomised rays for the subsequent passes.  
The Lambertian fraction Λ was introduced in [91] to account for the surface roughness 
of the Si cell’s rear surface of the cell. This Lambertian fraction Λ only influences the 
parameters of the second pass (namely T2,T, Rb1,T, Rf1,T and Af1,T) because the remained 
light is randomised afterwards. Usually, the rear surface of the Si cell is optical 
scattering due to the surface roughness in [88]. To simplify, the Lambertian fraction Λ 
is always assumed unity for the investigated multi-Si bottom cell. Hence, T2,T, Rb1,T, 
Rf1,T and Af1,T have the same values as Tn,T, Rbn,T, Rfn,T and Afn,T, respectively.  
In order to model the optics of a real device, the effects that cannot be accounted for in 
transfer matrix (TM) method calculations, such as metal shading and sub-bandgap 
absorption, have to be considered by several scaling factors. The TM method was 
described in Section 2.3.5. The optical shading due to the front metal grids can be 
accounted for by a superposition of the metal shading fraction fm with the active area. 
Parasitic free carrier absorption in highly doped layers or in metal contacts of the top 
cell is modelled by incorporating a constant coupling factor fc (as a fitting parameter) 
into the absorptance in the top layers. The incorporation of the coupling factor fc will 
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be discussed later in this section. The analytical expression of the total reflectance of 
the tandem solar cell Rtot, the silicon absorptance ASi, the absorptance in layer i of the 
top cell Aitop and the parasitic absorptance in the rear surface of the Si cell ASi_rear are 
then given by: 
𝑅M = 𝑓F𝑅F + 
1 − 𝑓F 𝑅~h,	l + 1 − 𝑅~h,l − 𝐴~h,l 𝑇>,l𝑇E,l𝑅pE,l 1 − 𝑅~E,l − 𝐴~E,l1 − 𝑅pE,l𝑅~E,l𝑇E,lC , (5.1) 
𝐴_ = 1 − 𝑓F 1 − 𝑅~h,l − 𝐴~h,l  
1 − 𝑇>,l + 𝑇>,l𝑅pE,l 1 − 𝑇E,l 1 + 𝑅pE,l𝑇E,l1 − 𝑅pE,l𝑅~E,l𝑇E,lC ,  (5.2) 
𝐴M4 = 1 − 𝑓F 𝐴~h,l + 1 − 𝑅~h,l − 𝐴~h,l 𝑇>,l𝑇E,l𝑅pE,l𝐴~E,l1 − 𝑅pE,l𝑅~E,l𝑇E,lC , (5.3) 
𝐴__hj = 1 − 𝑓F 𝐴~h,l + 1 − 𝑅~h,l − 𝐴~h,l 𝑇>,l(1 − 𝑅pE,l)1 − 𝑅pE,l𝑅~E,l𝑇E,lC .	 (5.4) 
The following paragraphs discuss how to calculate the parameters in Equation 
(5.1) – (5.4), especially for the tandem solar cells consisting of a planar thin-film top 
cell and a textured c-Si wafer bottom cell. 
A. Evaluation of Rfe,T and Afe,T  
Rfe,T and Afe,T represent the total reflectance at and absorptance in the top layers (e.g. 
the top cell and the intermediate layer) before the light enters the bottom Si cell. Figure 
5.3(a) illustrates a way to evaluate Rfe,T and Afe,T, including the first interaction with the 
top layers as well as subsequent interactions. A fraction of the photons with normal 
incidence on a tandem solar cell is reflected at the external front surface with 
reflectance Rfe,top. The remaining photons pass through the top layers with transmittance 
T1,top. The bottom Si cell in the tandem device under investigation is an industrial 
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multi-Si BSF cell. The reflectance Rb1,top of normal incidence at the isotextured surface 
of Si cell can be modelled by spherical caps and the reflected light is diffuse with a 
Lambertian distribution [47]. The diffuse photons go through multiple bounces 
between the top layers and the Si surface with the reflectance Rfn,top at the internal inter-
face of the top layers, the reflectance Rbn,top at the bottom Si cell and the transmission 
Tn,top within the top layers. To account for other parasitic effects, which are not 
considered in TM calculations, the first pass transmittance through the top cell T1,top is 
multiplied by a constant coupling factor fc (for normal-incident photons). For the 
diffuse photons in the subsequent interaction, the effective transmission angle is 60°, 
which doubles the path length of the transmission, compared to the first pass. Therefore, 
the coupling factor of the diffuse photons transmitting through the top cell can be 
approximated by fc2, according to Lambert-Beer’s law. Thus, Rfe,T and Afe,T for the 
tandem solar cell can be calculated as following: 
𝑅~h,l = 𝑅~h,M4 + (1 − 𝑅~h,M4)𝑇>,M4𝑓]𝑅p>,M4𝑇E,M4𝑓]C(1 − 𝑅~E,M4)	1 − 𝑅pE,M4𝑅~E,M4(𝑇E,M4𝑓]C)C , (5.5) 
𝐴~h,l = 1 − 𝑅~h,A  
1 − 𝑇>,M4 + 𝑇>,M4𝑓]𝑅p>,M4(1 − 𝑇E,M4𝑓]C)(1 + 𝑇E,M4𝑓]C𝑅~E,M4)1 − 𝑅pE,M4𝑅~E,M4(𝑇E,M4𝑓]C)C . (5.6) 
Following Holman et al. [183], the reflectance, transmittance and absorptance for 
diffuse light are approximated by a Lambertian weighted average according to [53] 
[184]. The generalised TM method [93] as introduced in Section 2.3.5 was used to 
calculate reflectance, transmittance and absorptance for specular light with different 
angles of incidence. As discussed previously, the coupling factor fc is a fitting parameter 
obtained from measured data. 
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Figure 5.3: Schematic illustration of (a) normal incident photons interacting with top 
layers in a tandem solar cell and (b) diffuse escaping photons interacting with top layers 
in a tandem solar cell. In both diagrams, optical interacting paths are shown on the left 
and the equivalent photon fluxes on the right. 
B. Evaluation of Rfn,T and Afn,T 
Evaluation of the internal surface reflectance of the top layers requires including 
multiple interactions of photons within the top layers. Figure 5.3(b) illustrates how to 
evaluate the internal reflectance Rfn,T for diffuse light. The diffuse photons reaching the 
internal front surface of the Si cell are reflected at the surface with reflectance Rfn,Si. 
The photons that escaped from the Si cell and interact with the top layers have an 
effective internal reflectance Rfn,T and absorptance Afn,T in the top layers. Due to optical 
symmetry, the coupling factor fc was also incorporated in the term describing escaped 
photons. Thus, Rfn,T and Afn,T for the escaped diffuse photons can be written as  
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𝑅~E,l = 𝑅~E,_ + 1 − 𝑅~E,_ (1 − 𝑅pE,M4)(𝑇E,M4𝑓]C)C𝑅~E,M41 − RpE,M4𝑅~E,M4(𝑇E,M4𝑓]C)C 	, (5.7) 
𝐴~E,l = 1 − 𝑅~E,_ 1 − 𝑇E,M4𝑓]C 1 + 𝑅~E,M4𝑇E,M4𝑓]C1 − 𝑅pE,M4𝑅~E,M4(𝑇E,M4𝑓]C)C . (5.8) 
C. Transmittance through Si cell T1,T, and Tn,T 
Parameterisation of transmittance values T1,T and Tn,T was previously discussed in 
details by Brendel et al. [91] for pyramid-textured mono-Si cells and Baker-Finch et 
al. [47] for isotextured multi-Si cells. For the isotextured multi-Si bottom solar cell in 
this study, the same parameterisations is used as in reference [47].  
5.1.3 Model Validation  
To verify the accuracy, the results from the proposed model were compared with those 
from a ray tracer from PV Lighthouse [42]. A test case with the same structure of the 
investigated GaAs/Si tandem solar cell was simulated using both methods (i.e. the ray 
tracer and the analytical model). The test case simulates the ideal situation, where no 
metal shading in the tandem, no sub-bandgap absorption in the GaAs cell, and no rear 
surface absorption in the Si solar cell were considered. The reason of choosing this test 
case is due to the difficulty of implementing the non-ideal factors (such as, the effects 
of metal shading and imperfect coupling) in the ray tracer. As a result, in the proposed 
analytical model, all three fitting parameters were set to ideal values (i.e., fm = 0, fc = 1, 
and Rbn,T = 1).  
The ray tracer from PV Lighthouse uses the Monte Carlo method, and a total number 
of 800,000 rays was used for simulating the spectrum range of 300 nm – 1200 nm with 
intervals of 10 nm. A description of the ray tracing method was given in Section 2.3.2. 
The same range and interval was also used in the proposed analytical model.  
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The optical constants of the InGaP window layer and the SiNx ARC were measured in 
SMART by spectroscopic ellipsometry (Woollam model M-2000, introduced in 
Section 2.4.4), and the optical constants of GaAs and Si were obtained from [185] and 
[52], respectively.  
The four spectra are compared in Figure 5.4 the total reflectance of the tandem 
(including the escaped light in the near-infrared range), the total absorptance of the top 
cell (including all layers in the top cells), the substrate absorptance of the top cell (not 
accounting for free carrier absorption), and the absorptance in the bottom cell. The 
simulation results of the analytical model are very close to those of the ray tracer. 
However, the analytical optical model is much less computationally intensive (a few 
seconds on a personal computer) compared to ray tracing (more than 5 mins on multi-
core computing server), which enables the quick analysis of the optimisation sequence 
in Section 5.5 in this chapter.  
 
Figure 5.4: Comparison of the optical spectra simulated by the proposed analytical 
model marked by open symbols and the same spectra simulated by the Monte Carlo 
ray tracer (RT) marked by solid lines.  
5.1.4 Determination of Fitting Parameters 
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As described earlier, there are three fitting parameters in this optical model: (1) internal 
rear reflectance Rbn,T of the Si bottom cell, (2) shading fraction of front metal grid fm of 
the GaAs top cell, and (3) coupling factor fc for near-infrared light transmitted to the Si 
bottom cell. These parameters were assumed to be wavelength-independent and 
extracted from fitting measured data, namely reflectance and EQE spectra. The 
reflectance and EQE spectra were measured by a spectral response system in SERIS 
(Bentham model PV300). The modulated probe beam has a small spot size. The 
reflectance spectra were measured under the angle of incidence of 8° with an 
integrating sphere (details of the tool were given in Section 2.4.1). The EQE spectra 
were measured under normal incidence with an additional white light bias. 
 
Figure 5.5: Measured reflectance (R) and EQE spectra, as well as simulated reflectance 
and absorptance (A) spectra of the stand-alone Si solar cell. The rear surface reflectance 
Rbn,T is determined as 0.65 by fitting. The collection efficiency hc,Si is derived by the 
ratio of simulated absorption over the measured EQE.  
In a first step, the internal rear reflectance Rbn,T of the Si bottom cell was quantified by 
fitting the simulated reflectance spectrum towards the measured reflectance spectrum 
of the Si cell without a GaAs cell on the top. The measured and simulated reflectance 
spectra are compared for the wavelength range of 800 – 1200 nm in Figure 5.5. Rbn,T = 
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0.65 was determined from the best fit. The same value of internal rear reflectance 
remains for the Si bottom cell in the tandem configuration. In addition, the spectral-
resolved collection probability hc,Si, which is also shown in Figure 5.5, was derived by 
taking the ratio of the measured EQE spectra and the simulated absorptance spectra. It 
was assumed that the collection efficiency of the Si bottom cell hc,Si did not change 
when the cell was incorporated into the tandem, and the same values as before were 
used for determining the coupling factor fc. 
 
Figure 5.6: Measured and simulated reflectance (R) spectra of the GaAs/Si tandem 
solar cell. The metal fraction shading fraction fm is determined as 0.11 by fitting. 
In a second step, the metal shading fraction fm was obtained by fitting the reflectance 
spectra of the tandem solar cell (see Figure 5.6). The total front surface reflectance 
including metal grid was simulated as the superposition of the reflectance of the active 
area and the reflectance of the metal grid. The reflectance spectrum of the Au metal 
grid was determined in SERIS by measuring a full-area evaporated Au sample. A 
wavelength range of l < 850 nm was considered for fitting, as the front surface escape 
plays no role. fm equal to 0.11 was obtained from the fitting. Since the illuminated area 
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under the small beam is only a small fraction of the entire cell, it is possible to have a 
value slightly different from the one expected for the entire cell from the mask (~13%). 
 
Figure 5.7: Measured EQE spectra as well as simulated absorptance (A) and EQE 
spectra of the bottom Si solar cell in the tandem configuration. The coupling factor fc 
is determined as 0.71 by fitting.  
Finally, the coupling factor fc was determined by fitting the simulated EQE spectra to 
the measured EQE of the Si bottom cell measured in the tandem configuration (see 
Figure 5.7). Assuming that the collection probability in the Si cell approximately 
remains the same for the EQE measured in single junction and tandem configurations, 
the EQE spectra were simulated by multiplying the simulated absorptance with the 
collection probability hc,bot. The best fit was obtained for fc = 0.71, which indicates his 
low coupling factor is mainly due to the free carrier absorption (FCA) in the highly 
doped GaAs [186] and also partly due to the parasitic absorption in the intermediate 
metal grid. The assumption of the constant value resulted in good approximation based 
on the fitting in Figure 5.7 since these parasitic effects may not have strong wavelength 
dependence.  
In addition, the thickness of the GaAs absorber layer was adjusted in the simulation to 
2.5 µm in order to reproduce the interference fringes in the near-infrared range in both 
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Figure 5.6 and Figure 5.7. This thickness value is smaller than the expected thickness 
of 3 µm. The difference possibly comes from the inaccurate calibration of growth rate 
during MOCVD process, which will be further investigated.  
5.3 Loss Breakdown 
After all the optical parameters were determined by fitting the measured spectra, we 
carried out the optical loss analysis for the mechanically stacked GaAs/Si tandem solar 
cell. The collection losses, which is essentially due to recombination, are indirectly 
approximated by the difference of the simulated absorptance and the measured EQE 
spectra. The EQE spectra of the top and the bottom cell, and the spectral contributions 
of the photon losses are shown in Figure 5.8(a), while the corresponding photocurrent 
densities weighted by the AM1.5G solar spectrum are shown in Figure 5.8(b). More 
details about the calculation of the AM1.5G weighted photocurrent were given in 
Section 2.2. The photon losses were categorized into 10 different loss channels:  
a. Metal shading loss: the reflection and parasitic absorption due to the front metal 
grid of the top cell, which was quantified by the metal shading fraction fm.  
b. ARC reflection loss: the reflection due to the non-ideal anti-reflective coating in 
the active area of the top cell, which was quantified with the TM method.  
c. ARC absorption loss: the parasitic absorption in the anti-reflective coating, 
which was quantified with TM method. 
d. Top substrate absorption loss: the parasitic absorption of the near-bandgap 
photons in the thick GaAs substrate, which was quantified with TM method. 
e. Top sub-bandgap absorption loss: the parasitic absorption in the top cell due to 
the other parasitic effects that are not currently accounted for in the TM method, 
such as free carrier absorption (FCA) due to the doped layers in the top GaAs 
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cell and parasitic absorption in the metal in the top GaAs cell, which is lumped 
into the coupling factor fc. 
f. Rear parasitic absorption in the bottom cell: the parasitic absorption in the rear 
surface, which was quantified by the rear reflectance Rbn,T. 
g. Front surface escape loss: the near-bandgap photons that are reflected at the rear 
and escape through the front surface of the tandem solar cell. However, in a 
Lambertian light trapping, the front surface escape cannot be fully avoided. 
Elimination of the front surface escape loss may be achieved by other advanced 
light trapping concepts, but it is not the focus in this thesis.  
h. Top window collection loss: the non-unity carrier collection efficiency of 
photons absorbed in the window layer of the top GaAs cell. This was quantified 
by the difference between the total absorption in the GaAs cell (including the 
absorption in InGaP window layer) and the EQE spectra of the top GaAs cell for 
the absorption range of the window layer (300 – 680 nm range). 
i. Top bulk collection loss: the non-unity carrier collection efficiency of photons 
absorbed in the bulk of the top GaAs cell, which was quantified by the difference 
between the absorption and the EQE spectra of the GaAs cell. The absorption 
ranges of the GaAs bulk layer (680 – 870 nm range). 
j. Bottom cell bulk collection loss: the non-unity carrier collection efficiency of 
photons absorbed in the bulk of the bottom Si cell, which was quantified by the 
difference between the absorption and the EQE spectra in the Si cell. 
The shaded areas in Figure 5.8(a) are the EQE spectra of the top GaAs cell and the 
bottom Si cell. The solid areas in Figure 5.8(a) are the above-mentioned loss channels. 
Note that the total spectra add up to 100% and the equivalent photocurrent add up to 
46.5 mA/cm2. We also sorted the photocurrent losses in descending order Figure 5.8(b). 
The top three losses are metal shading loss, front ARC reflection loss in the top cell, 
and window collection loss in the top cell, which are correspond to 5.11 mA/cm2, 
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3.77 mA/cm2 and 3.03 mA/cm2 respectively. The sum of these three losses is 66% of 
the total losses. In addition, significant losses in the NIR wavelength range as shown 
in Figure 5.8(a) results in very low current generation in the bottom Si cell.  
 
 
Figure 5.8: (a) EQE spectra and the contributions of different photon losses in the 
wavelength range of 300 to 1200 nm and (b) the corresponding photocurrent densities 
calculated using the AM1.5G solar spectrum. The solid-filled areas are the photon 
losses, while the shaded areas are the collected photons. 
5.4 Analysis of Potential JSC Gains 
In the last section, a detailed loss breakdown for GaAs/Si tandem solar cells was 
presented in the way similar to what was done in previously for silicon single-junction 
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solar cells or PV modules. This breakdown quantifies optical losses in a four-terminal 
stacked tandem solar cell due to different parasitic absorption events or non-ideal 
carrier collection. However, even if one would be able to eliminate one loss channel to 
zero, not all the photons could be harvested, as some of the recovered photons will be 
redistributed into other loss channels. Thus, a procedure to specify the most effective 
optimisation sequence is developed as follows.  
To quantify the potential current gain for each channel, the key parameter defining each 
loss channel was changed to its ideal value while the parameters related to all other 
losses were kept at their reference values. By comparing the improved tandem device 
and the reference tandem device, the redistribution of the recovered photons into all 
other channels is described by a photon redistribution matrix, which is shown in Figure 
5.9. 
 
Figure 5.9: The photon redistribution matrix relating the recovered photons to the gains 
of current density as well as the redistributed losses in other loss channels. 
The matrix relates the recovered photons from each eliminated loss channel (vertical 
axis) to the gains in current densities in top and bottom cell, as well as the redistributed 
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losses in other channels (horizontal axis). The leftmost two columns show the potential 
gains of current densities in the top and the bottom cell which are obtained by elimi-
nating each single loss. Based on the sum of potential gains in the top and bottom cell, 
one can decide which parameters to optimise first. 
In Figure 5.9, the most significant potential gain of jSC is achieved by eliminating the 
metal shading loss. When this loss is eliminated, the recovered photons (5.11 mA/cm2) 
are partially redistributed into all other loss channels in the tandem cell (1.70 mA/cm2) 
and the total jSC is only increased by 3.4 mA/cm2. Therefore, the photon losses in all 
other channels are actually increased when metal shading is removed. The photon 
redistribution reveals the magnitude of the interrelation between the loss channels.  
Moreover, one should look out for the loss channels that have a strong interrelation. An 
obvious example from Figure 5.9 is the interrelation between the sub-bandgap 
absorption loss in the top cell and the rear absorption loss in the bottom cell. Once the 
coupling factor fc becomes ideal, 31% of the recovered photons (3.03 mA/cm2) due to 
the elimination of sub-bandgap absorption are redistributed to the rear absorption loss 
in the bottom cell. Similarly, when the rear reflectance of bottom cell Rbn,T becomes 
100%, 35% of the recovered photons (2.09 mA/cm2) due to elimination of rear 
absorption loss in the bottom cell are redistributed into the top sub-bandgap absorption 
loss. When optimising the bottom solar cell with regard to either of these mechanisms, 
the presented method strongly suggests to co-optimise them. This result has an impact 
on the best optimisation sequence as shown later in Figure 5.11. 
In contrast, the three collection losses (i.e. top bulk collection loss, top window 
collection, and bottom collection loss) are shown to be interrelated with other losses. 
All entries other than the diagonal are zero. The collection loss is due to carrier 
recombination and does not directly affect the remaining optical channels. Therefore, 
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this suggests every photon recovered from improving the collection efficiency will be 
harvested and fully converted into jSC gain. 
Following the convention proposed by Brendel et al. [30], the single-parameter gains 
(that is the sum of the leftmost two columns in Figure 5.9) were sorted in descending 
order from left to right and plotted cumulatively in a Pareto-type chart in Figure 5.10. 
The theoretical limit of photocurrent in this GaAs/Si tandem is 44.6 mA/cm2, which 
can be achieved by simultaneously setting all loss-related parameters to their ideal 
values. The only photon loss occurs in this case is the front surface escaping, which 
cannot be eliminated in the Lambertian light trapping. There is a photocurrent 
difference of 1.9 mA/cm2 between the theoretical photocurrent limit and the available 
photons of 46.5 mA/cm2 in the range of 300 - 1200 nm. 
 
Figure 5.10: Potential gain of short-circuit current (jSC) predicted for the GaAs/Si 
tandem solar cell. The solid-filled bars are the current gains due to single-parameter 
improvements. The shaded bar is the synergistic gain. The theoretical jSC limit 
assuming Lambertian light trapping is 44.6 mA/cm2 for this tandem. All the jSC gains 
are labelled with current density in mA/cm2. Note that the alphabet numbering follows 
the definition in Section 5.3. 
Starting from the current density of 27.5 mA/cm2 generated by the GaAs/Si tandem 
device (which is the sum of the individual short-circuit currents from the top and 
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bottom solar cells), the single-parameter improvements add up to a current density of 
39.8 mA/cm2. The gap towards the ideal photocurrent of 44.6 mA/cm2 is filled up by 
the synergistic gain. The synergistic gain is indicated by the rightmost shaded bar in 
Figure 5.10. The synergistic gain was further split up into current originating from 
different loss channels. 
The first three bars (i.e. a. metal shading, h. top window collection and b. front ARC 
reflection in the top cell) are gained from optimising the parameters of the top cell , 
which are followed by optimisation of light transmission from the top cell to the bottom 
cell in the fourth and fifth bars (i.e. e. top sub-bandgap absorption and d. top substrate 
absorption). The gains from optimising the bottom cell only come in at the sixth and 
seventh position (i.e. f. rear parasitic absorption and j. bulk collection in the bottom 
cell).  
When comparing Figure 5.10 and Figure 5.8(b), two details should be noted: First, as 
stated above, the quantified jSC losses are not necessarily equal to the potential gains 
from the same channel, due to a redistribution of the recovered photons into other loss 
channels. Second, the sequence of the parameters in the gain chart is different from the 
sequence in the loss chart. For example, the top sub-bandgap absorption loss is the third 
most significant loss in Figure 5.8(b), but only the fourth significant gain in Figure 5.10. 
Thus, the loss breakdown only helps us understand where the photons are lost in the 
tandem solar cell, but the potential gain analysis can be applied to determine the 
optimisation priorities.  
 
5.5 Optimisation Guidelines for the GaAs/Si Tandem 
5.1.5 Optimizing towards the Theoretical Best Scenario 
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To determine the theoretically best sequence for optimising the GaAs/Si tandem, the 
previous calculation was iterated until all losses were eliminated. The redistribution 
matrix was recalculated in every iteration, from which the most significant single-
parameter gain was identified for the improved device. The identified parameter was 
then eliminated next. Therefore, the evaluation now includes the additional 
contribution of the synergy of optimizing all parameters simultaneously. According to 
this analysis, further optimisation of the GaAs/Si tandem (as shown in Figure 5.11) 
would be preferred in the sequence of: 
1) a. reducing the metal shading fraction,  
2) h. increasing the top window collection efficiency,  
3) b. reducing the top front ARC reflection,  
4) e. reducing the sub-bandgap parasitic absorption,  
5) f. reducing the rear parasitic absorption in bottom Si cell,  
6) d. reducing the top substrate parasitic absorption,  
7) j. increasing the bulk collection efficiency in bottom cell,  
8) i. increasing the bulk collection increase in the top cell,  
9) c. reducing the top front ARC absorption. 
As already explained in Section 5.4, it should be highlighted that the theoretical jSC 
limit is 44.6 mA/cm2 instead of 46.5 mA/cm2 as the front surface escape loss is not 
fully avoided in Lambertian light trapping. This best sequence for optimisation turns 
out to be very similar to the sequence of single-parameter gains in Figure 5.10, except 
that the top substrate absorption (channel d) and the rear absorption in the bottom cell 
(channel f) switch their places. The similarity indicates that most of the single-
parameter gains play a more significant role in improving the current density than the 
synergistic gains for the investigated tandem solar cell. However, optimising the 
bottom rear absorption loss (channel f) comes right after the top sub-bandgap 
absorption loss (channel e), ahead of the top substrate absorption loss (channel d), 
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because the two loss channel e and f (i.e. top sub-bandgap absorption loss and bottom 
rear absorption), have a strong interrelation, as already discussed in the photon 
redistribution matrix in Figure 5.9. 
  
Figure 5.11: The theoretical best sequence for further optimisation of the GaAs/Si 
tandem determined by the potential gain analysis of the short-circuit current density 
(jSC). The jSC theoretical limit assuming Lambertian light trapping is 44.6 mA/cm2 for 
this tandem. The jSC values after each optimisation step are shown in blue bars for the 
GaAs top cell and in red bars for the Si bottom cell. In addition, light-coloured areas 
are the gains due to each single-parameter improvement, and the shaded areas are the 
additional synergistic gains. Note that the alphabet numbering follows the definition in 
Section 5.3. 
In addition, Figure 5.10 compares the jSC values the GaAs top cell (shown in blue bars) 
and the Si bottom cell after each optimisation step (shown in red bars). The total sum 
of potential gains (~16.9 mA/cm2) has the contributions of 8.0 mA/cm2 from the top 
cell and 8.9 mA/cm2 from the bottom cell. One observation is most of the potential 
gains in the GaAs top cell come before the potential gains in the Si bottom cell. 
Specifically, 91% of the gains in the GaAs top cell (~7.3 mA/cm2) result from the first 
three steps (by eliminating loss channel a, h and b), whereas 88% of the gains in Si 
bottom cell (~7.8 mA/cm2) result from the fourth to the seventh steps (by eliminating 
loss channel f, d, j and i). Another observation in Figure 5.10 is that only 15% of the 
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total jSC gain in the top cell is contributed by the synergistic gain (indicated as shaded 
blue areas), whereas more than 40% of the total jSC gain in the bottom cell is contributed 
by the synergistic gain (indicated as shaded red areas). Considering both observations, 
it can be concluded that, for the GaAs/Si tandem under investigation, the potential gain 
in the bottom cell depends more on synergistic effect as compared to the top cell. 
Therefore, the loss channels in the top cell need to be eliminated first, before the bottom 
cell can benefit from the synergistic effects.  
5.1.6 Optimizing towards the Achievable Best Scenario 
Recently, the best-in-class four-terminal tandem solar cell with the world-record 
conversion efficiency of 29.8% has been made of a thin-film InGaP solar cell and a 
pyramid-texture silicon heterojunction (SHJ) solar cell [79]. The structure of the InGaP 
tandem solar cell is shown in Figure 5.12, which was adopted from the structural 
illustration in [79].  
 
Figure 5.12: The structure of the best-in-class four-terminal InGaP/Si tandem solar cell 
with the world-record efficiency of 29.8%. 
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Table 5.1: Thicknesses and optical constants of the layers in the world-record stacked 
InGaP/Si tandem solar cell 
LAYER THICKNESS OPTICAL CONSTANTS 
MgF2/ZnS 97 nm/41 nm Both from [187]. 
Al0.5In0.5P 30 nm From [188]. 
In0.49Ga0.51P 970 nm From [188]. 
Al0.3Ga0.2In0.5P 500 nm 
From [189]. The composition is slightly 
different from the actual layer (i.e., 
Al0.25Ga0.25In0.5P) as in [190]. 
Al0.49Ga0.5As 100 nm From [191]. 
ZnS 80 nm From [187]. 
epoxy 20 µm Silicone (DCC205) data from [192] was used as an approximation. 
glass 600 µm From [193]. Low-iron soda-lime glass was assumed. 
epoxy 20 µm The same as the epoxy above 
ITO 70 nm From [194]. Doping level of 2.4×10
20 cm-3 
was assumed. 
a-Si (p+)/a-Si (i) 10 nm/5 nm Both from [194]. 
Si 230 µm From [52]. 
a-Si (i)/a-Si (n+) 5 nm/10 nm Not needed in calculation 
ITO 80 nm Not needed in calculation 
Ag N.A. Not needed in calculation 
 
The layer thicknesses and the optical constants of Table 5.1 were used in the simulation. 
However, the thicknesses and optical constants of some layers in the top InGaP solar 
cell were not described explicitly in [79]. The optical constants of those layers were all 
taken from the accessible literature, while the layer thicknesses were determined by 
coarsely fitting the EQE spectra and matching the measured jSC of the two sub-cells. 
Therefore, the purpose of this section is to show how the framework can be used to 
benchmark the investigated tandem cell to the best-in-class one, although some dis-
crepancies between the actual current losses and the simulated values may be expected. 
Comparison of the investigated device with the best-in-class one has the advantage of 
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quantifying the practically achievable gains (by adopting the same technology as the 
best-in-class solar cell), as opposed to theoretically possible gains. 
The entire analysis framework (which comprises the steps described in Section 5.3 and 
Section 5.5) was applied on the best-in-class stacked InGaP/Si tandem. The three fitting 
parameters are fm = 0.04, fc = 0.98 and Rbn,T = 0.91. The simulated short-circuit current 
densities (jSC) are 14.23 mA/cm2 and 22.69 mA/cm2 for the top InGaP solar cell and 
the bottom Si solar cell, respectively, whereas the measured jSC in Ref. [79] were 
14.15 mA/cm2 and 22.68 mA/cm2, respectively, for the two sub-cells. The potential 
current gain prediction produced a cumulative Pareto-type Figure 5.13, which is a 
similar chart as Figure 5.10.  
 
Figure 5.13: Potential gain of the short-circuit current density jSC predicted for the best-
in-case InGaP/Si tandem solar cell. The solid-filled bars are the current gains due to 
single-parameter improvements. The shaded bar is the synergistic gain. The theoretical 
jSC limit assuming Lambertian light trapping is 44.6 mA/cm2 for this tandem cell. All 
the jSC gains are labelled in terms of current density in mA/cm2. Note that the alphabetic 
numbering follows the definition in Section 5.3. 
As shown in Figure 5.13 for the InGaP/Si tandem, the potential gains by single-
parameter improvements possibly increase from the total current density jSC of 
36.9 mA/cm2 to achieve 44.1 mA/cm2, and the additional synergistic gain is 
0.52 mA/cm2. The total potential gains sum up to 7.2 mA/cm2. It is seen that the 
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synergistic gain in the InGaP/Si tandem is only a very small fraction (~7%) of the total 
potential gain, in contrast to a larger fraction (~28%) of the synergistic gain in the 
GaAs/Si tandem as shown previously in Figure 5.10. This indicates that the loss 
channels are more interrelated in the investigated GaAs/Si tandem than in the best-in-
class GaInP/Si tandem. Therefore, the GaAs/Si tandem needs co-optimisation of 
multiple parameters in order to benefit from the synergistic effect. 
Subtracting each bar in the two potential current gain plots (i.e. Figure 5.10 and Figure 
5.13) results in Figure 5.14, which quantitatively compares the two tandem solar cells 
in each loss channel. A positive bar means that the best-in-class InGaP/Si tandem has 
less loss than the investigated GaAs/Si tandem in a particular loss channel, and vice 
versa. The positive and negative bars fill up the total jSC gap of 9.4 mA/cm2 between 
the best-in-class InGaP/Si tandem (36.9 mA/cm2) and the investigated GaAs/Si tandem 
(27.5 mA/cm2). The individual bars corresponding to the difference in loss for each 
loss channel are sorted in descending order in Figure 5.14.  
 
Figure 5.14: Difference between the potential short-circuit current density jSC gains of 
the investigated GaAs/Si tandem and the best-in-class InGaP/Si tandem in each loss 
channel. The solid-filled bars are the difference of the current gains from single-
parameter improvement. The shaded bar is the difference of the synergistic gains. All 
the jSC gains are labelled in terms of current density in mA/cm2. Note that the alphabetic 
numbering follows the definition in Section 5.3. 
131 
The advantage of the best-in-class InGaP/Si tandem largely comes from the reduced 
metal shading fraction (i.e. channel a) and the removal of the substrate in the top solar 
cell which avoids both sub-bandgap absorption and substrate absorption in the top cell 
(i.e. channels e and d). The sum of the current density gains due to these three single-
parameter improvements is ~4.42 mA/cm2. However, due to the better film quality in 
GaAs solar cells compared with InGaP solar cells, the investigated GaAs/Si tandem 
has a better bulk collection efficiency than the InGaP/Si tandem (i.e. channel i), which 
corresponds to a current density of 0.88 mA/cm2. In addition, it is observed that the 
difference of the synergistic gain is also very large (~4.3 mA/cm2). As already 
discussed previously, this indicates that the investigated GaAs/Si tandem needs 
co-optimisation of multiple parameters in order to benefit from the synergistic effect. 
Finally, the practically achievable best sequence was also determined for optimizing 
the investigated GaAs/Si tandem solar cell by adopting the technologies used in the 
best-in-class InGaP/Si tandem solar cell. This optimisation sequence is shown in Figure 
5.15, as follows:  
1) a. reducing the metal shading fraction,  
2) e. reducing the sub-bandgap parasitic absorption in the top cell,  
3) d. reducing the top substrate parasitic absorption,  
4) b & c. reducing the front ARC reflection and absorption of the top cell,  
5) h. increasing the window collection efficiency in the top cell,  
6) f. reducing the rear parasitic absorption in the bottom Si cell,  
7) j. increasing the bulk collection efficiency in the bottom cell.  
This optimisation sequence determined for the achievable improvements is very 
different from the theoretical best sequence in Section 5.1.5. Although reducing the 
metal shading is still the first step for optimisation, reducing the sub-bandgap parasitic 
absorption in the top cell, and reducing the top substrate absorption (channels e and d) 
become the second and third priorities, as compared to the fourth and sixth steps in 
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Figure 5.11. Especially the jSC in the bottom cell increases significantly (in the third 
bar) by reducing the sub-bandgap absorption in the top cell (channel e). 
 
Figure 5.15: The achievable best sequence for further optimisation of the GaAs/Si 
tandem by adopting the advanced technology in the InGaP/Si tandem. The jSC values 
from the previous steps are shown in blue bars for the GaAs top cell and in red bars for 
the Si bottom cell, whereas light-coloured areas are the gains due to each single-
parameter improvement, and the shaded areas are the additional synergistic gains. The 
rightmost bar shows that the bulk collection loss in the top cell of GaAs/Si tandem 
needs to be increased by 0.88 mA/cm2 in order to result in the same jSC (36.9 mA/cm2) 
as the InGaP/Si tandem. The alphabetic numbering follows the definition in Section 5.3. 
In addition, one should note that, in the fifth bar, the ARC reflection and absorption 
(i.e. channels b and c) had to be optimized together because adopting a double-layer 
ARC (i.e. MgF2 and ZnS) simultaneously changes both the ARC reflection loss and the 
ARC parasitic absorption. It should also be noted that the rightmost bar shows that the 
bulk collection loss (i.e. channel i) in the GaAs top cell needs to be increased by 
0.88 mA/cm2 in order to produce the same jSC (36.9 mA/cm2) in the best-in-class 
InGaP/Si tandem cell, since the bulk collection loss in the InGaP/Si tandem is actually 
higher than the one in the GaAs/Si tandem. However, the ultimately optimized GaAs/Si 
tandem cell could achieve a higher jSC of 37.8 mA/cm2 than the jSC of 36.9 mA/cm2 in 
the best-in-class InGaP/Si tandem cell.  
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5.6 Chapter Summary 
In this chapter, a detailed current loss analysis framework was presented for thin-film 
on Si tandem solar cells. The main features of this framework are: 
i. An analytical optical model that allows accounting for absorption of photons 
in different parts of a four-terminal stacked tandem solar cell consisting of a 
planar thin-film top cell and a textured Si bottom cell; 
ii. A breakdown of the absorption events into different loss channels that allows 
quantifying optical losses due to certain loss mechanisms; 
iii. A redistribution matrix that quantifies the redistribution of losses into the 
different channels, and a potential gain analysis that quantifies how much 
current can be gained by eliminating each loss channel individually;  
iv. Calculation of an optimization sequence for the thin-film on Si tandem solar 
cells towards the theoretically best scenario or towards a practically achiev-
able scenario. 
The presented optical model is based on Basore’s model for calculating light trapping 
in single-junction solar cells, and was extended to the simulation of absorption in each 
layer in a tandem solar cell. Three fitting parameters were used in this model: the rear 
surface reflectance Rbn,T in the Si cell, the metal shading fraction fm at the front surface 
of the top cell, and the coupling factor fc of the sub-bandgap photons transmitted from 
the top cell to the bottom cell. The three parameters were extracted from curve fitting 
of measured reflectance and EQE data.  
The developed framework was used to analyse an in-house fabricated GaAs/Si four-
terminal tandem solar cell. A breakdown of the various absorption losses in the tandem 
solar cell was presented and the corresponding loss currents were quantified. The top 
three losses are metal shading loss (5.11 mA/cm2), front ARC reflection loss in the top 
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cell (3.77 mA/cm2), and window layer collection loss in the top cell (3.03 mA/cm2), 
which jointly amount to 66% of the total losses.  
In a further step, a matrix was calculated to visualise how the recovered photons were 
redistributed into the gains of short-circuit current density (jSC) and the other loss 
channels, when one loss channel was eliminated at a time. By sorting potential gains, 
the improvements that can be achieved by eliminating each loss channel individually 
can be seen in the Pareto-type chart, similar to the synergistic efficiency gain analysis 
proposed by Brendel et al. [30]. It was found that the quantified jSC losses are not 
necessarily equal to the potential gains from the same channel, due to a redistribution 
of the recovered photons into other loss channels. The potential gains should be used 
to evaluate further optimisation steps. 
Finally, the analysis framework was applied to determine the best optimisation 
sequence for two scenarios: 1) the theoretically best scenario and 2) the practically 
achievable scenario.  
First, the theoretically best sequence of optimisation was determined by eliminating 
each loss one by one. In this scenario, for the investigated GaAs/Si tandem cell, it was 
found that the potential gain in the Si bottom cell depends more on the synergistic effect 
than for the top cell, and therefore the loss channels in the top cell need to be eliminated 
first before the bottom cell can benefit from the synergistic effects.  
Second, the best-in-class stacked InGaP/Si tandem solar cell was used as a reference 
for a practically achievable optimisation of the investigated GaAs/Si tandem solar cell. 
It was shown that the sequence in this case is different from that of the theoretically 
best scenario. For example, reducing the sub-bandgap parasitic absorption in the top 
cell, and reducing the top substrate absorption (channels e and d) moved forward the 
second and third priorities, which were at the fourth and sixth places in the theoretical 
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scenario. Therefore, one should always re-evaluate the optimisation sequence 






 Conclusions, Original Contributions and 
Proposed Future Works 
6.1 Conclusions 
This thesis developed advanced characterisation and simulation methods to improve 
the optical loss analysis of Si wafer based PV devices. With increasing level of 
structural complexity, new methodologies for optical loss analysis were discussed for 
Si wafer solar cells, Si wafer based PV modules, and thin-film on Si tandem solar cells.  
For Si wafer solar cells, with the industrial trend of adapting cell architectures 
exhibiting rear surface passivation, such as the aluminium local back surface field 
(Al-LBSF) solar cell, it is crucial to be capable of analysing the rear surface morpho-
logy and optimize the rear surface optics using optical loss analysis. A systematic 
approach was developed to characterize and model textured surfaces of Si wafers. The 
approach was demonstrated by characterizing saw-damage-etched (SDE) textures of 
the rear surface of Al-LBSF solar cells. Based on the surface characteristics measured 
by goniophotometry and 3D surface profiling, a geometrical model was developed to 
describe the SDE surface with two parameters: a characteristic angle 𝜔SDE and a planar 
fraction fp. Using the extended path tracing method, the model for the SDE surface was 
validated, demonstrating a good agreement of the simulated reflectance and trans-
mittance spectra with the measured spectra of different samples with SDE surfaces. 
Moreover, the optical model was applied to compare the optical losses in several cell 
architectures: a full area Al-BSF cell, an Al-LBSF cell with a planar rear, and an 
Al-LBSF cell with a SDE rear. The SDE rear surface was found to have a characteristic 
angle of 22º and a planar fraction of 0.25. The Al-LBSF cell with the SDE rear was 
shown to have very efficient light trapping and generate the most photocurrent 
(~38.7 mA/cm2) as compared to 37.9 mA/cm2 in the full-area Al-BSF cell and 38.1 
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mA/cm2 in the Al-LBSF with a planar rear. Finally, the optical model was applied to 
predict an optimisation of the rear surface optics, e.g. by changing the planar fractions 
or by varying the thicknesses of the rear passivation layers. It was found that the photo-
current of the investigated Al-LBSF cell with SDE rear could only increase by less than 
0.1 mA/cm2 when optimizing the planar fraction (i.e. fp) of the SDE surface or the 
thicknesses of the rear passivation stack (i.e. AlOx/SiNx). A more significant photo-
current gain can be achieved if a dielectric with a lower refractive index is applied on 
the rear surface. For example, by applying a dielectric stack of 20 nm thick AlOx and 
200 nm thick SiO2 on the rear SDE surface, the photocurrent is predicted to be more 
than 39.1 mA/cm2 in an Al-LSBF solar cell. 
In Si wafer based PV modules, the inactive-area photon loss is currently one of the 
most significant losses. Fortunately, those photons still have a chance of being 
harvested laterally via optical scattering in the inactive area and subsequent total 
internal reflection at the glass-air interface. An accurate loss analysis for a Si PV 
module was proposed, enabling the measurement of the amount of light harvesting 
from the inactive areas in a fast and non-destructive way. Luminescence imaging was 
proposed by exploiting the reciprocity relation of luminescence emission and the  
external quantum efficiency. The amount of light harvesting from the different inactive 
areas of a PV module could thus be directly quantified through a quick EL/PL imaging. 
The proposed method was applied to analyse two types of module backsheets (i.e. a 
white backsheet and a grooved scattering tape) and two types of metal fingers (i.e. 
screen printed and stencil printed). It was found that, in the cell gap regions, the white 
backsheet was able to harvest about 40% of the impinging photons, whereas the 
grooved scattering tape was able to harvest up to 90% of these photons. In addition, 
metal fingers (both stencil and screen printed) on the front surface of the cells were 
able to harvest more than 60% of the impinging photons in a PV module. Using the 
characterized light harvesting results, the contributions of the short-circuit current for 
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different inactive-area components were calculated. The analysis suggested that the 
optical losses due to the presence of the inactive area in Si PV modules can be largely 
reduced by using advanced optical scattering materials, and thereby the effective active 
area is increased. It was found that, in a typical industrial-type PV module, the effective 
active area could be increased to up to 90% of the total module area (including the 
frame). With more advanced optical materials and careful layout design of the PV 
module, the effective active area can approach 100% of the total module area by 
adopting a frameless design.  
For thin-film on Si tandem solar cells, in order to accelerate the early-stage develop-
ment, a framework of a systematic loss analysis has been established. An optical model 
was developed for comprehensive simulation (including light trapping) for tandem 
solar cells consisting of a high-bandgap thin-film top cell and an industrial-type silicon 
wafer bottom cell. The developed optical loss analysis was applied to a prototype of a 
stacked four-terminal GaAs/Si tandem solar cell, with corresponding fitting parameters 
being extracted from measured reflectance and EQE curves. In addition to quantifying 
optical losses, potential gains of short-circuit current density were predicted for elimi-
nating each loss channel in a current density gain analysis. Information on how to 
optimize the device systematically was also provided (by specifying an order of 
importance of the various loss channels). Optimisation sequences were determined for 
two different scenarios. The first is a theoretical scenario where the loss channels were 
assumed to be eliminated one after the other. In this case, the interrelation between the 
various loss channels became better understood for the GaAs/Si tandem solar cell. It 
was found that the potential gain in the Si bottom cell depends more on the synergistic 
effects as compared to the top cell, and thereby the loss channels in the top cell need to 
be eliminated first before the bottom cell can significantly benefit from the synergistic 
effects. The second scenario is a practically achievable scenario where optimisation 
was predicted by adopting the technologies used in the presently best-in-class InGaP/Si 
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solar cells. The preferred optimisation sequence was found to be very different from 
the one determined in the theoretical scenario. For example, reducing the sub-bandgap 
parasitic absorption in the top cell, and reducing the top substrate absorption (channels 
e and d) became the second and third priorities in this practical optimization scenario, 
as compared to the fourth and sixth places in the theoretical optimization scenario. This 
result suggested that the optimisation sequence should be analysed towards a 
practically achievable scenario (instead of the theoretically ideal) in order to obtain a 
useful guide.  
Overall, this thesis developed advanced methodologies which are able to significantly 
improve the optical loss analysis for Si wafer solar cells, for Si wafer based PV modules, 
and for thin-film on Si tandem solar cells.  
6.2 Original Contributions 
The following list reiterates the main original contributions by the author: 
• A new optical geometrical model was proposed for alkaline saw-damage-etched 
(SDE) surfaces, which are commonly found in mono-Si aluminium local back 
surface field (Al-LBSF) solar cells. The geometrical model enables an accurate 
evaluation of Si Al-LBSF solar cells with rear SDE surface, using only measurable 
input parameters. 
• The path tracing method was extended to be able to simulating light trapping 
effects in pyramid-textured mono-Si wafer solar cells. The simulation of the full 
spectra of reflectance, absorptance and transmission completes within a relatively 
short computation time (< 10 minutes). Together with the geometrical model of the 
characterized morphology of surface textures (e.g. SDE textures), the simulation 
method enables the optimisation of surface textures and passivation layers in 
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Al-LBSF cells. This was integrated into the internally developed loss analysis 
service the “Cell Doctor”, which SERIS is offering to external clients to quantify 
optical and electrical losses of solar cells. 
• A rapid characterisation method using the luminescence imaging technique was 
established for analysing the lateral light harvesting (from inactive areas) in Si 
wafer PV modules. The characterisation method enables the direct, fast and non-
destructive routine analysis of the amount of laterally harvested photons impinging 
at the inactive areas of a PV module. The enhancement of lateral light harvesting 
was characterized for several common inactive-area components, i.e. white 
backsheet, grooved scattering tape, screen-printed metal fingers, and stencil-
printed metal fingers. This characterisation method has since become an integral 
part of the “Module Doctor”, a service that SERIS is offering to external clients to 
quantify optical and electrical losses of PV modules. 
• An analytical optical model was developed particularly for thin-film on Si tandem 
solar cells, which consist of a high-bandgap top cell and a textured Si wafer bottom 
cell, thereby significantly reducing the computation time compared to conventional 
ray tracing. The analytical model completes the calculation of all optical losses in 
every layer within a few seconds, enabling a subsequent multi-dimensional 
optimisation of thin-film on Si tandem solar cells. An optimisation framework for 
tandem solar cells was then developed to specify the importance of the various loss 
channels and predict a favourable optimisation sequence. This work forms the base 
for a comprehensive loss analysis of tandem solar cells called the “Tandem Doctor”, 
which SERIS could offer to external clients in the future. 
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6.3 Proposed Future Work  
 Expanding Applications of the Developed Tools 
Future research should consider expanding the applications of the developed tools. The 
method of texture characterisation and modelling discussed in Chapter 3 should be 
applied to analyse other under-investigated texture morphologies, such as imperfect 
pyramid surfaces, re-polished pyramid textures, saw-damage-etched multi-Si surfaces, 
etc. The geometrical model for these texture morphologies can be implemented in 
optical simulations in order to analyse and compare the optical losses for Si solar cells 
with different surface textures. 
The characterisation method developed for analysing lateral photon harvesting using 
EL/PL imaging in Chapter 4 can be applied to currently emerging technologies. For 
example, the effective shading width of metal fingers should be evaluated routinely for 
different metallization technologies, such as inkjet printing, electroplating, etc. When 
optimizing the metallization process, one should now be able to balance the trade-off 
between metal resistance and the effective shading width (instead of the conventional 
geometrical finger width). This has a huge potential of significantly improving the PV 
module efficiency, which matters most for the ultimate PV power generation.  
The developed loss analysis for a four-terminal thin-film on Si tandem solar cell in 
Chapter 5 can be applied to analyse a two-terminal tandem solar cell. With the 
additional constraint of current matching between the two sub-cells, the optical losses 
in two-terminal tandem solar cell will be more interrelated, and being able to predict 
an appropriate optimisation sequence becomes even more important as compared to 
the case of four-terminal devices. 
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 Merging the Developed Methods with Existing Loss Analysis Tools 
Although this thesis only focused on optical loss analysis, the methods are readily 
available for integrating with recombination and resistive loss analysis. For example, 
for Si wafer solar cells, the photogeneration profile calculated using the optical model 
developed in Chapter 3 could be used as input for conventional device simulation tools, 
such as PC1D for 1D simulations and Quokka for 2D simulations. For thin-film on Si 
tandem solar cells, a similar integration with advanced device simulation tools would 
also work for the optical model developed in Chapter 5. In the case of a Si wafer PV 
module, the luminescence imaging analysis of inactive-area optical losses developed 
in Chapter 4 can be combined with already established methods of extracting resistive 
losses using luminescence imaging. Since both optical and resistive losses can be 
extracted using the same technique, a routine contactless analysis can be established 






Appendix A: Generalization of the Reciprocity Relation 
for PV Modules  
The reciprocity relation of quantum efficiency and luminescence has been illustrated 
in Section 4.2. This section will rigorously derive the validity of the reciprocity relation 
for a Si wafer PV module. The amount of light entering a PV module (normal 
incidence), being multiply scattered and finally getting absorbed at an active area of a 
solar cell, is compared to the amount of light being incident on the front glass surface 
of the module. More precisely, the number of photons per unit area can be written in 
terms of 𝜙(𝒓, 𝜃, 𝜑) and the number of photons per unit area and unit solid angle as the 
photon radiance 𝐿(𝒓, 𝜃, 𝜑) , resolved in their position r, and direction of travel 
expressed by the polar angle θ, azimuthal angle φ, in spherical coordinates. We define 
the bidirectional scattering distribution function fs as 
𝑓N 𝒓F, 𝜃F, 𝜑F; 𝒓], 𝜃], 𝜑] = 𝐿(𝒓], 𝜃], 𝜑])𝜙(𝒓F, 𝜃F, 𝜑F) (A.1) 
where 𝒓F is a point on the module surface (in air) where the photon impinges, and 𝒓] 
is a point on the cell surface where the transmitted photon impinges. Following 
Rau [175], and consistent with Born and Wolf [177], one obtains:  𝑓N 𝒓F, 𝜃F, 𝜑F; 𝒓], 𝜃], 𝜑] = 𝑓N 𝒓F, 𝜋 − 𝜃F, 𝜋 + 𝜑F; 𝒓], 𝜋 − 𝜃], 𝜋 + 𝜑]  (A.2) 
where n is the refractive index of the encapsulant interfacing the cell. In other words, 
there is a symmetry relation in the transmission probability of photons when the 
traversal path is reversed.  
Now, suppose a certain near-normal incident radiance distribution of photons on the 
module at point	𝒓F. Then the fraction of these photons 𝑓 𝒓j , which are coupled into 
the solar cell, is 
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𝑓LH 𝒓m, π, 0 = d𝒓c d𝜑c d𝜃c ∙ 𝐴Si 𝒓c, 𝜃c, 𝜑cπ0
2π
0𝐴c∙ 𝑓𝑠 𝒓m, π, 0; 𝒓c, 𝜃c, 𝜑c sin 𝜃c 
(A.3) 
where 𝐴] is the area of the solar cell, 𝐴_ 𝒓], 𝜃], 𝜑]  is the absorptance of light in the 
cell as a function of position and incident angle. Now consider the second scenario 
where light is emitted from the cell at a forward bias potential V. Then the resultant 
photon radiance at 𝒓p emerging normally is 𝐿 𝒓F, 0, 0  
= d𝒓] d𝜑] d𝜃] ∙ 𝜖_ 𝒓], 𝜃], 𝜑] ∙ 𝑓¤ 𝒓], 𝜃], 𝜑]; 𝒓F, 0, 0¥D
C¥
D¦§ ∙ 𝜙pp exp 𝑉𝑉¨ sin 𝜃] 
(A.4a) 
= d𝒓] d𝜑] d𝜃] ∙ 𝐴_ 𝒓], π − 𝜃], π + 𝜑]¥D
C¥
D¦§ ∙ 𝑓N 𝒓F, π, 0; 𝒓], π − 𝜃], π + 𝜑] ∙ 𝜙pp exp 𝑉𝑉¨ sin 𝜃] 
(A.4b)  
= 𝑓 𝒓F, π, 0 𝜙pp exp 𝑉𝑉¨  (A.4c)  
where 𝜖_ 𝒓p, 𝜃p, 𝜙p  is the emissivity, which is equated to the absorptance 𝐴_ 𝒓p, 𝜋 − 𝜃p, 𝜋 + 𝜙p  by Kirchhoff’s law. Equation (A.4c) thus establishes the 
reciprocal relation between the light normally incident at point 𝒓j  on the module 
surface which is scattered into the solar cell, and the emitted luminescence from the 
solar cell which emerges normally from the module at the same point.  
When the lateral variations in the cell voltage V are small, a practical relation that 
emerges is 
𝑓 𝒓F>, π, 0𝑓 𝒓FC, π, 0	 = 𝐿 𝒓F>, 0, 0𝐿 𝒓FC, 0, 0  (A.5) 
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The left-hand side of Equation A.5 can be interpreted as the ratio of EQEs for light 
incident at these two points when the area of the cell has constant internal quantum 
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